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1 . SUMMARY 


1.1  Scope 

The  goal  of  this  program  was  to  provide  guidance  for  de- 
velopment of  optimum  metallurgical  structures  to  retard  fatigue 
crack  growth  in  high-strength  alum.inum  alloys,  yet  maintaining 
essential  mechanical  and  physical  properties. 

Alloys  selected  for  this  program  were  variants  of  commercial 
high-strength  aluminum  alloys.  By  employing  various  processing 
techniques,  a large  and  systematic  variety  of  structures  was 
produced.  Twenty-five  different  structures  which  fulfilled 
initial  requirements  for  a set  of  designed  experiments  were  pro- 
duced; 13  based  on  the  7XXX  series  (Al-Zn-Mg-Cu)  aluminum  alloys 
and  12  based  on  the  2XXX  series  (Al-Cu-Mg)  alloys.  Three  addi- 
tional structures  were  produced  and  tested  after  preliminary 
analysis  of  test  results  of  the  original  25.  All  structures  were 
tested  in  sheet  gauges  (0.085  inch  for  7XXX  and  0.065  inch  for  2XXX) . 

The  following  table  summarizes  the  microstructural  and 
composition  variants  examined: 


7 XXX 


Type  of  Strengthening  Precipitate 

Copper  Content 

Amount  of  Constituent 

Size  of  Dispersoid 

Type  and  Amount  of  Dispersoid 

Grain  Size 


2XXX 


Type  of  Strengthening  Precipitate 
Dislocation  Density 
Amount  of  Constituent 
Amount  of  Dispersoid 
Copper  Content 


Constant  airiplitude  fatigue  crack  propagation  tests  were  con- 
ducted over  the  AK  range  of  about  4 to  20  ksi/in.  in  room 


1 


I 


1 


temperature  air  at  94  to  99%  and  5 to  10%  relative  humidity  and  at 
test  frequencies  of  2 and  20  Hz.  Stress  ratio  was  1/3. 

Selected  structures  were  also  tested  in  the  higher  humidity 
environment  at  AK  2 to  8 ksi/in.  and  at  nominal  frequencies 
of  20  or  50  Hz. 

1.2  Results  and  Discussion 

Results  are  summarized  in  Tables  1,  2,  and  3 and  are  discussed 
in  the  following  sections,  1.2.1  through  1.2.7. 

1.2.1  Insoluble  Constituents 

Insoluble  constituent  particles  are  those  particles  formed 
during  solidification  by  separation  of  impurity  elements  Fe  and 
Si.  Effects  on  crack  growth  rate  of  decreasing  the  volume  fraction 
of  insoluble  constituent  particles  depended  on  the  levels  of  both 
toughness  and  AK.  Alloy-temper  combinations  which  developed 
relatively  low  toughness  with  normal  levels  of  constituent  particles 
(7075-T6  and  2024-T86)  benefited  from  decreasing  the  volume  fraction 
at  levels  of  AK  of  about  15  ksi/in.  or  higher.  Alloy-temper  com- 
binations which  developed  relatively  high  toughness  (2024-T31) 
showed  no  effect. 

1.2.2  Dispersoids 

Dispersoids  are  small  (.01  to  .5  u^)  solid  state  precipitates 
containing  Mn,  Cr,  or  Zr  formed  at  temperatures  above  750°F. 

Changing  the  amount  and  type  of  dispersoid  did  not  influence  crack 
growth  rate.  Increasing  the  size  and  interparticle  spacing  of  the 
Ali2Mg2Cr  dispersoid  in  7075-T6  increased  toughness  and  decreased 
crack  growth  rates  at  higher  AK  levels  of  about  15  ksi/in.  and 
M 1 oater . 
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1.2.3  Grain  Size 


Increasing  the  amount  of  stretch  in  alloy  2024  after  quenching 
increased  crack  propagation  rates.  Based  on  life  prediction  an- 
alysis, an  increase  in  percent  stretch  from  1 to  5%  increased  the 
crack  propagation  rate  and  reduced  fatigue  life.  This  decrease  in 


life  is  attributed  to  a decrease  in  ductility  or  toughness  and, 
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consequently,  a smaller  capability  to  accommodate  strain  during  the 
fatigue  process. 

1.2.6  Strengthening  Precipitate  Type  (Temper) 

The  type  of  precipitate  significantly  affected  the  fatigue 
crack  propagation  rate  in  2XXX  alloys  at  intermediate  AK.  GP 
zones  (T3  tempers)  provided  a more  fatigue-resistant  microstructure 
than  did  S'  transition  precipitate  (T8  tempers) . 

The  effect  of  precipitate  type  was  related  to  material  duc- 
tility, response  to  cyclic  loading  in  strain-controlled  fatigue 
tests,  and  sensitivity  to  moisture.  Structures  containing  GP 
zones  were  more  ductile  (higher  tensile  elongation,  energy  to 
propagate  a crack  in  tear  test,  and  notch  toughness)  than  structures 
containing  precipitate  aged  to  equivalent  or  higher  monotonic 
strength  levels.  Moreover,  structures  with  GP  zones  can  develop 
higher  stabilized  cyclic  strength  after  repeated  reversed  cyclic 
plastic  strains.  These  results  are  in  agreement  with  models  which 
predict  that  increasing  the  product  of  cyclic  strength  and  ductility 
decreases  fatigue  crack  growth  rate. 

Precipitate  type  in  2X24  alloys  had  no  significant  effect  on 
crack  propagation  rate  at  lowest  AK  levels  tested  in  high  humidity 
air.  Convergence  of  growth  rate  for  T3  and  T8  tempers  at  very  low 
AK  levels  (<3  ksi/in. ) was  attributed  to  similarities  in  sensi- 
tivity to  environment.  Above  the  very  low  AK  levels,  T3  tempers 
produced  lower  crack  growth  rates  than  T8  tempers  in  both  high 
and  low  humidity. 
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Precipitate  morphology  also  affected  fatigue  crack  propaga- 
tion characteristics  in  7050-type  alloys.  Crack  growth  rates 
progressively  decreased  with  increasing  degree  of  precipitation. 
Magnitude  of  the  improvement  depended  on  moisture  content  of  the 
surrounding  atmosphere.  Therefore,  the  phenomenon  is  believed  to 
result  from  modifications  in  sensitivity  to  the  environment. 

1.2.7  Environment  and  Test  Frequency 

Increasing  relative  humidity  increased  crack  growth  rates  in 
all  structures,  but  the  magnitude  of  the  effect  depended  upon 
microstructure,  the  inherent  mechanical  properties  (viz,  strength 
and  ductility) , and  kinetics  of  the  crack  growth  rate  process  in 
hostile  environments.  Environmentally-enhanced  fatigue  crack 
growth  was  noted  in  low  humidity  environments  where  moisture  con- 
tent was  sufficient  to  cause  environment- frequency  interaction. 

Frequency-environment  interaction  was  observed  in  both  2XXX 
and  7XXX  alloys.  Decreasing  frequency  from  20  to  2 Hz  in  general 
resulted  in  either  comparable  or  higher  growth  rates.  This  effect 
is  attributed  to  the  greater  amount  of  time  per  cycle  available 
for  environment  to  interact  with  freshly  created  metal  surfaces. 

In  some  7XXX  alloys,  however,  lowering  frequency  decreased  crack 
growth  rate  in  high  humidity  air.  Decreasing  cyclic  growth  rate 
with  reduction  in  frequency  is  attributed  to  increased  corrosion 
activity  per  cycle  which  blunts  the  crack  and/or  builds  up  cor- 
rosion residue  on  mating  fracture  surfaces,  increasing  crack 
closure  forces  which  retard  crack  growth.  Differences  in  frequency 
response  to  different  microstructures  is  therefore  related  to  crack 
growth  kinetics  of  the  material-environment  interaction. 


8 


1.3 


Conclusions 


Conclusions  are  presented  in  detail  in  Section  6.  The  most 
significant  conclusions  regarding  effects  of  microstructure  and 
composition  are  summarized  as  follows. 

1.  Strengthening  precipitate  had  the  largest  effect  on 
fatigue  crack  propagation  rate  at  AK  levels  above 
about  4 ksiv'in. 

2.  Amounts  of  the  major  alloying  elements  had  the  largest 
effect  on  fatigue  crack  propagation  rate  at  AK  levels 
below  about  3 ksi/inT 

3.  Increasing  dislocation  density  as  modified  by  stretching 
2XXX  alloys  after  quenching  had  a lesser  but  statisti- 
cally significant  effect  on  increasing  fatigue  crack 
propagation  rate. 

4.  Insoluble  constituent  particles  had  little  effect  and 
dispersoid  particles  had  no  effect  on  fatigue  crack 
propagation  rate  at  AK  levels  much  below  about 

15  ksi /in.  for  both  2XXX  and  7XXX  alloys. 

5.  Grain  size  from  5 to  65,000  grains  per  mm’  had  no 
effect  on  crack  growth  rate  in  peak  and  overaged 
7XXX  aloys. 
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2. 


INTRODUCTION 


Prior  to  the  1960’s,  aircraft  structure  designers  tended  to 
emphasize  tensile  yield  and  ultimate  strengths  to  provide  the  most 
favorable  strength  to  weignt  ratio.  Introduction  of  linear  elastic 
fracture  mechanics  concepts,  however,  indicated  that  structural 
members  containing  cracks  could  fail  at  gross  section  stresses 
considerably  lower  than  the  yield  strength  if  resistance  of  the 
material  to  unstable  propagation  of  a crack  (i.e.,  fracture  tough- 
ness) was  low.  Consequently,  designers  began  requesting  improve- 
ments in  fracture  toughness  which  resulted  in  development  of  such 
high  toughness  aluminum  alloys  as  2124,  7475,  etc.,  to  increase 
aircraft  reliability.  However,  analysis  of  the  failure  mechanisms 
in  aircraft  structural  members  indicates  that  any  further  improve- 
ments in  aircraft  reliability  or  structural  efficiency  will  depend 
on  development  of  improved  fatigue-resistant  alloys.  Consequently, 
need  has  arisen  for  more  definitive  information  concerning  effects 
of  metallurgical  structure  as  well  as  alloy  composition  and  temper 
effects  on  resistance  to  fatigue  crack  propagation. 

Improvements  in  fatigue  resistance  to  high-strength  aluminum 
alloys  lie  in  ability  to  produce  metallurgical  structures  which 
resist  formation  of  microstructural  instabilities  which  can  lead 
to  fatigue  crack  initiation  and  which  also  resist  subsequent  crack 
growth.  Toward  this  goal  numerous  investigations  have  been  con- 
ducted to  identify  microstructural  features  which  influence  and 
control  the  fatigue  process[l  to  21].*  However,  conclusions 

^Brackets  indicate  references. 
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reached  in  these  studies  are  far  from  complete  and  have  left  many 
microstructural  effects  in  doubt.  For  example,  little  information 
is  known  about  the  role  of  both  strengthening  precipitates  and 
dispersoids  (0.01  to  0.5  pm  high  temperature,  solid  state  precipi- 
tates) in  the  fatigue  process.  In  addition,  the  effect  of  larger 
('V'2  to  50  urn)  solidification  or  constituent  particles  on  fatigue 
properties  of  aluminum  alloys,  although  the  subject  of  many  in- 
vestigations, is  not  well  understood.  Effects  of  grain  size  and 
shape  are  also  not  entirely  understood. 

Also  contributing  to  lack  of  understanding  of  the  fatigue 
behavior  of  aluminum  alloys  is  the  interaction  between  micro- 
structure and  testing  variables  such  as  frequency  and  environment. 

For  example,  investigators [22]  have  shown  that  fatigue  crack 
propagation  of  aluminum  alloys  can  be  quite  sensitive  to  atmos- 
pheric moisture  content  and  test  frequency.  Consequently,  if  these 
variables  are  not  controlled,  e.g.,  moisture  content  of  ambient 
lab  air,  conflicting  results  may  be  obtained  by  different  investi- 
gators. Thus,  not  only  must  effects  of  microstructure  be  considered, 
but  effects  of  testing  variables  such  as  environment  and  frequency 
must  also  be  considered  since  these  variables  certainly  influence 
the  fatigue  process  through  their  interaction  with  microstructure. 

The  alloy  design  selected  for  this  program  was  purposely 
intended  to  avoid  the  necessity  of  making  comparison  with  fatigue 
data  presently  available  in  the  literature  since,  as  stated  above, 
it  is  a difficult,  if  not  impossible,  task  to  compare  data  generated 


I- 


11 


I 

f. 

I 

1 

r 

[ 

i 

I 

I 


cr 


in  different  laboratories.  Therefore,  all  comparisons  were  internal 
and  subject  to  highly  controlled  test  procedures  to  assure  as  nearly 
as  possible  identical  circumstances.  This  procedure  provided  a 
means  to  evaluate  statistically  the  interaction  of  mechanical, 
microstructural , and  environmental  variables  on  fatigue  crack  propa- 
gation. 

Alloys  and  microstructures  were  selected  on  the  premise  that 
other  mechanical  and  physical  requirements  must  be  maintained  if  a 
viable  commercial  aluminum  alloy  is  to  become  a reality.  It  is 
important  to  emphasize  these  latter  material  requirements  because 
any  loss  in  yield  strength  or  fracture  toughness,  for  example,  must 
not  be  such  that  the  material  will  fail  by  monotonic  loading,  yet 
be  "fatigue  resistant."  In  addition,  any  ma^or  alteration  of 
alloying  elements  to  improve  fatigue  properties  must  not  be  at  the 
expense  of  other  properties  such  as  stress-corrosion  cracking  (SCC) 
resistance  or  resistance  to  fatigue  crack  initiation.  Consequently, 
the  approach  used  in  this  program  in  developing  aluminum  alloys 
having  improved  resistance  to  fatigue  crack  propagation  was  to 
restrict  the  major  alloying  elem.ents  to  the  range  which  has  been 
shown  to  be  near  optimal  for  strength,  toughness,  and  resistance  to 
SCC.  Resistance  to  fatigue  crack  initiation  was  checked  to  ensure 
that  improvements  in  propagation  behavior  would  not  lower  resistance 
to  initiation. 

In  summary,  this  program  was  designed  to  provide  guidance  on 
development  of  optimum  microstructures  required  to  resist  fatigue 
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crack  growth  in  high-strength  aluminum  alloys  while  maintaining 
essential  mechanical  and  physical  properties. 

3.  MATERIAL  AND  PROCEDURES 
3.1  Alloy  Selection 

Alloys  selected  for  this  program  were  variants  of  high-strength 
aluminum  alloys  which  develop  acceptable  strength,  toughness,  and 
corrosion  characteristics  by  controlling  the  type  and  amount  of 
second-phase  particles.  In  the  high-strength,  precipitation- 
hardening aluminum  alloys,  three  types  of  second-phase  particles 
are  present  which  control  static  strength  and  toughness:  (a) 

strengthening  precipitates  (%0.001  to  0.5  ^m)  formed  during  natural 
or  room  temperature  aging  and  artificial  or  elevated  temperature 
aging  below  400®F,  (b)  small  (0.01  to  0.5  ym)  solid  state  precipi- 
tates containing  Mn,  Cr,  or  Zr  called  dispersoids  formed  at 
temperatures  above  750°F,  and  (c)  the  larger  (%2  to  50  ym)  particles 
called  constituents  formed  during  solidification  by  separation  of 
impurity  elements  Fe  and  Si  (insoluble  constituents)  and  alloying 
elements  such  as  Cu  and  Mg  (partially  soluble  constituents) . These 
microstructural  features  encompass  a range  in  particle  sizes  and 
interparticle  spacings  from  a few  Angstroms  to  thousands  of  Ang- 
stroms. This  range  in  particle  sizes  also  includes  the  range  of 
incremental  crack  growth  normally  encountered  during  fatigue  crack 
propagation  tests.  Thus,  by  employing  the  proper  alloy  design 
program,  effectiveness  of  each  of  the  particular  second-phase 
particles  can  be  assessed  with  regard  to  fatigue  crack  propagation 
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rate.  Figure  1 compares  the  range  of  incremental  crack  growth  with 
the  size*  of  the  microstructural  features  in  these  structures. 

Effects  of  Cu  content,  dislocations  introduced  by  stretching 
after  the  quench  from  the  solution  heat  treatment,  and  grain  size 
were  also  examined. 

The  following  table  summarizes  the  microstructural  and 
composition  variants  evaluated: 

7 XXX 

Type  of  Strengthening  Precipitate 
Copper  Content 
Amount  of  Constituent 
Size  of  Dispersoid 
Type  and  Amount  of  Dispersoid 
Grain  Size 

3.2  Experimentation 

Listed  in  Table  4 are  the  alloys  selected  for  this  program 


2XXX 


Type  of  Strengthening  Precipitate 
Dislocation  Density 
Amount  of  Constituent 
Amount  of  Dispersoid 
Copper  Content 


t'  •' 
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along  with  their  chemical  analyses.  By  employing  various  processing 
techniques,  a systematic  variety  of  structures  was  produced.  Ini- 
tially, 25  different  structures  were  produced;  13  structures  based 
on  7XXX  series  (Al-Zn-Mg-Cu)  aluminum  alloys  and  12  structures  based 
on  2XXX  series  (Al-Cu-Mg)  alloys.  The  7XXX  series  were  produced  as 
0.  085-in.  thick  sheet  the  2XXX  series  as  0.065-in.  thick  sheet. 

After  initial  data  were  analyzed,  additional  structures  were  pro- 
duced by  heat  treatment  to  test  new  hypotheses. 


•It  would  be  more  correct  and  meaningful  to  have  used  interparticle 
spacing  rather  than  particle  size  for  this  comparison.  However, 
due  to  segregation  of  the  elements  such  as  Fe,  Si,  Mn,  Cr,  and 
Zr,  during  solidification  and  their  slow  diffusion  rate  during  sub- 
sequent thermal  treatments,  the  interparticle  spacing  is  nonuniform 
and  is  impossible  to  estimate  meaningfully.  Thus,  the  size  of  the 
particles  was  used  as  indicator  of  the  scale  of  these  features. 
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Figure  1 Relates  Incremental  Crack  Advance  to  Size  ot 
Microstructural  Feature 
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3.2.1  Microstructural  Examination 

3. 2. 1.1  Pre-Test  Characterization 

Initial  microstructural  characterization  was  carried  out  using 
both  optical  and  electron  microscopy.  These  techniques  provided 
qualitative  and  quantitative  inform.ation  concerning  these  structures 
from  grain  size  measurements  to  the  strengthening  precipitate  size 
and  shape.  X-ray  diffraction  techniques  were  employed  to  determine 
the  degree  of  recrystallization  as  well  as  to  identify  the  second- 
phase  particles.  In  addition,  electron  microprobe  analysis  was 
used  to  identify  the  larger  constituent  particles. 

Quantitative  information  concerning  the  volume  fraction  of 
second-phase  particles  greater  than  1 pm  was  obtained  using 
Quantitative  Metallurgical  System  (QMS)  equipment.  Measurements 
were  carried  out  at  the  highest  magnification  available  with  this 
instrument,  '^700X.  At  this  magnif ication , the  resolution  of  the 
instrument  is  1 ym.  Seventy  applications  of  the  field,  vl0,000 
ym*^  per  application,  were  applied  to  each  structure  in  each  spatial 
direction;  surface,  cross-sectional  and  longitudinal.  All  measure- 
ments were  carried  out  on  lightly  etched  metallographic  specimens. 
Measurements  were  conducted  on  the  automatic  mode  to  minimize 
operator  errors. 

3. 2. 1.2  Post-Test  Characterization 

Analysis  of  fatigue  crack  propagation  fracture  surfaces  was 
carried  out  using  optical  microscopy,  scanning  electron  micro- 
scopy, and  electron  microscopy  using  two-stage,  plastic-carbon 
replica  techniques.  Selected  specimens  were  examined  with  tiiese 
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techniques  at  various  aK  levels  to  help  establish  the  influence  of 
metallurgical  structure  on  crack  propagation.  In  addition,  electron 
microprobe  analysis  of  the  fatigue  fracture  surface  was  employed  to 
study  the  role  of  the  large  constituent  and  dispersoid  particles. 

3.2.2  Static  Properties 

Longitudinal  and  transverse  tensile  tests  were  made  on  all 
structures.  Tear  tests  and  notch-tensile  tests  were  employed  as 
indicators  of  fracture  toughness  for  these  materials [23] . The 
tear  test  measures  energy  required  to  propagate  a crack  (unit  crack 
propagation  energy  - UPE)  while  the  notch  yield  ratio  (NYR) 
measures  ability  of  material  to  deform  plastically  in  the  presence 
of  a stress  raiser  (NYR  = notch  tensile  strength/yield  strength  = 
NTS/YS).  Increasing  UPE  and/or  NYR  can  be  correlated  to  increasing 
fracture  toughness. 

3.2.3  Fatigue  Initiation 

Limited  fatigue  crack  initiation  tests  were  also  conducted  on 
the  25  structures.  This  evaluation  was  performed  to  ensure  that 
any  of  the  25  microstructural  variants  considered  would  not 
seriously  detract  from  fatigue  initiation  resistance.  Procedure, 
results,  and  conclusions  are  presented  in  Appendix  A. 

3.2.4  Fatigue  Crack  Propagation 

All  fatigue  testing  was  conducted  under  a set  of  highly  con- 
trolled test  conditions  in  constant  amplitude  tension- tension 
loading  on  a closed  loop  electrohydraulic  MTS  materials  test  system. 
The  test  configuration  was  a 3-in.  wide  center  crack  tension 
specimen  (Figure  2)  of  the  T-L  orientation  (direction  of  principal 
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loading  normal  to  the  sheet  rolling  direction  and  direction  of 
crack  travel  parallel  to  the  rolling  direction) . Intermediate 
level  AK  tests  (AK>4  ksi/TnT)  were  conducted  in  both  high  humidity 
air  (94  to  99  percent  relative  humidity  (R.H.))  and  low  humidity 
air  (5  to  10  percent  R.H.)  at  room  temperature  (70°F).  Low  level 
AK  tests  (2  to  8 ksi/TnT)  were  conducted  in  the  high  humidity 
environm.ent  only. 

Specimen  crack  starter  notches  were  extended  to  a minimum  of 
0.10  in.  by  precracking.  The  original  0.20  in.  machined  starter 
notch  was  fatigue  precracked  to  a total  crack  length,  2a  = 0.4  in., 
prior  to  making  fatigue  crack  growth  measurements.  All  data  were 
generated  at  a stress  ratio,  R,  minimum  to  maximum  applied  cyclic 
stress,  of  one-third,  but  precracking  was  initiated  at  R = 0.05 
with  the  requirement  for  tests  over  the  inteimiediate  levels  of 
AK  that  maximum  precrack  load  never  exceed  the  maximum  test  load. 

For  the  low  AK  tests,  precracking  was  expedited  by  shedding  loads 
in  gradual  stepwise  increments  with  increasing  crack  length  to 
avoid  any  significant  transient  effect  of  prior  load  history 
affecting  subsequent  test  data.  The  last  5%  of  precracking  in  all 
cases  was  accomplished  at  test  loads  and  in  the  test  environment. 
The  loading  wave  form  for  all  tests  was  triangular. 

Crack  growth  measurements  were  made  using  an  optical  gridline 
technique  where  the  crack  was  followed  visually  (5X  magnification) 
as  it  traversed  a series  of  reference  gridlines  photographically 
printed  on  the  specimen  surface.  Crack  travel  was  measured  as  a 
function  of  elapsed  cycles  and  cyclic  crack  growth  rate  averaged 
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over  the  total  crack  length  according  to  the  following  relation- 
ship : 

j I / I / O -N  _ O -j 

'i-1  , i = 1,  2,  3. 
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where : 

2a^  = the  total  crack  length  (averaged  through  the 
thickness)  at  the  measurement  point, 

= the  elapsed  cycles  at  the  i^^  measurement  point. 
For  a valid  crack  growth  rate  measurement,  the  increment  of  total 
crack  travel  had  to  equal  or  exceed  0.02  in.  The  stress  intensity 
expression  employed  in  determining  the  Aa/AN  vs  aK  relationship 
is  given  by  the  following  relationship [ 24 ] : 


AK  = Aa/irTr  • Y 


, i = 1,  2,  3,..., 


where : 


/ ) 

(2IL.  ] 

2 

f2Z.  ^ 

(2«i/W, 

= 1 + 0.128j 

i«)- 

0.288 

1 ^ 

+ 1.525 

and  where  Ao  is  the  applied  gross  stress  range  o - a . 1 , W 

max  min) 

the  total  specimen  width,  and  2H^  the  intermediate  total  crack 
length  within  the  i^  increment  of  growth;  that  is, 

2t.  = 1/2 |2a.  + 2a,.^^ 

3. 2. 4.1  Intermediate  AK  Tests  (AK  4 to  20  ksi/in. ) 

The  nominal  applied  maximum  gross  stress,  o , was  8 ksi  for 

mdx 

all  tests.  Within  a single  test,  the  effect  of  frequency  of  load 
application  was  assessed  by  "frequency  switching"  between  2 and  20 
Hz.  Table  5 gives  a schedule  of  center  notch  specimen  loading 
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SCHEDULE  OF  SPECIMEN  LOADING  - CENTER  NOTCH  SPECIMEN 


conditions  for  all  tests.  Over  the  crack  growth  range  of  interest, 
this  procedure  was  followed  for  all  specimens  to  achieve  maximum 
and  uniform  data  for  meaningful  statistical  analysis.  Some  pilot 
tests  were  run  on  selected  7XXX  structures  to  observe  reproduci- 
bility of  data.  Good  reproducibility  was  confirmed  using  two  or 
three  replicate  tests  (for  example,  Figure  3).  Good  agreement  was 
also  observed  in  overlapping  data  for  low  and  intermediate  AK 
tests  (Figure  4 and  Appendix  E) . 

3. 2. 4. 2 Low  AK  (AK  2 to  8 ksi/in. ) 

After  preliminary  analysis  of  results  of  the  intermediate  AK 
tests,  some  structures  (1,  3,  4,  9,  10,  11,  13,  16,  17,  21,  24) 
were  tested  in  high  humidity  environment  only  at  nominal  test 
frequencies  of  20  or  50  Hz.  Limited  data  were  obtained  at  2 Hz. 

The  growth  rate  range  was  chosen  to  ensure  overlapping  between 
high  and  low  ranges.  Precracking  loads  and  load  ranges  were 
successively  reduced  in  small  increments  when  approaching  the 
test  loads  to  avoid  any  transient  effect.  Once  desired  low  crack 
growth  rates  were  achieved  during  precrack,  cyclic  test  loads  were 
established  and  held  constant  for  accumulation  of  crack  growth 
rate  data. 

4 . RESULTS 

4.1  Microstructural  Characterization 

A summary  of  the  microstructural  features  resulting  from  the 
selected  alloy  and  fabrication  procedures  is  given  in  Tables  6 and 
7.  In  Addition,  Figures  5 to  33  serve  to  illustrate  the  micro- 
structural  features  described  in  Tables  6 and  7. 
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Figure  3 


Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  from  Replicate  Tests  of 
Structures  No.  9 and  12. 


Figure  5 Microstructure  of  7050-T76,  Structure  No.  1 
240,000  grains/mm3.  (100X) 
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Microstructure  of  X7080  (hi  Cu)-T76,  Structure  No  3 
20,000  grains/mm3.  (100X) 
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Figure  8 Microstructure  of  X7080  (hi  Cu)-T76,  Structure  No,  4 
Mixed  Grain  Structure.  (100X) 


Figure  10  Microstructure  of  7075-T61,  Structure  No.  9 
65,000  grains/mm3.  (100X) 
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Figure  12  Microstructure  of  7475-T61,  Structure  No.  11. 
135,000  grains/mm^.  (100X) 
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Figure  13  Microstructure  of  7475-16,  Structure  No.  12 
130,000  grains/mm3.  (lOOX) 


Microstructure  of  7075-T61,  Structure  No.  13 
5000  grains/mm3.  ( 100X) 


Figure  15  Microstructure  of  2024  (hi  Mn)-T31,  Structure  No.  14 
13,000  grains/ mm3.  (100X) 
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Microstructure  of  2124  (hi  Mn)-T31.  Structure  No 
11,000  grains/ mm3.  (100X) 


Figure  17  Microstructure  of  2024  (lo  Mn)-T31,  Structure  No.  16 
20,000  grains/ mm3.  (100X) 
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Figure  18  Microstructure  of  2124  (lo  Mn)-T31,  Structure  No.  17. 
13,000  grains/ mm3.  (100X) 


-41- 


I 


L 


0 1/ufn 


f-iyure  21  Transmission  Electron  Micrograph  of  7050  (+Mn)-T76, 
Structure  No  2 Showing  Al2oCuMn3  Dispersoid. 
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Fiqure  23  Transmission  Electron  Micrograph  of  Structure  No.  5,  7050-TX1 
Showing  Small  Needle-Like  S'  Strengthening  Precipitate  and 
Coarser  rj  Precipitate. 
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Figure  24  Transmission  Electron  Micrograph  of  Structure  No.  6, 
7050-TX2,  Showing  the  Large,  Lath-Type  S'  Precipitate 
and  the  Coarser, More  Widely  Spaced  i?  Precipitate. 


-47- 


Figi're  25  Transmission  Flectron  Micrograph  of  Structure  No.  7 

(7050-TX3).  Both  Elnr-'»ted  S' and  Globular  rj  Precipitates 
are  Shown. 
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Fiaure  26  Transmission  Electron  Micrograph  of  Structure  No  7 
^ (7050-TX3).  This  Region  is  Completely  Free  ol  S anti  >i 

anH  rontains  Onlv  n' 


Transmission  Electron  Micrograph  of  2124  (lo  Mn)-T31, 
Structure  No.  17.  Strengthening  GP  Zones  are  not  Visible 
Top  Grain  Oriented  to  Show  Dislocation  Structure. 


Figure  30  Transmission  Electron  Micrograph  of  2124  (hi  Mn)-T86,  Structure 
No.  19.  Needle-Like  S'  Strengthening  Precipitate  Visible 
in  Right  Grain.  Left  Grain  Oriented  to  Show  Dislocation 
Structure. 
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31  Transmission  Electron  Micrograph  of  2024  (lo  Mn)-T36, 
Structure  No.  22.  The  Strengthening  Phase  is  the  GP  Zone 
Formed  by  Room  Temperature  Aging  (not  visible  in  the 
micrograph,  top  grain).  Lower  Grain  Oriented  to  Show 
Dislocation  Structure. 
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Transmission  Electron  Micrograph  of  2024  (loMn)-T81. 
Structure  No.  23,  Showing  the  Transition  Strengthening 
Needle-Like  Precipitate,  S',  and  the  Grain  Boundary 
Precipitate,  S (AI^CuMg).  Bottom  Right  Grain  Oriented  to 
Illustrate  Dislocation  Density. 
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Transmission  Electron  Micrograph  of  2024-T8X,  Structure  No.  26 
Showing  Large  Needle-Like  S'  Strengthening  Precipitate. 

Bottom  Grain  Oriented  to  Show  Dislocation  Density 


More  detailed  volume  fraction  measurements  than  those  given 
in  Tables  6 and  7 of  both  insoluble  and  soluble  constituent  par- 
ticles greater  than  1 u are  given  in  Table  8.  For  the  2XXX  alloys, 
Al7Cu2Fe,  All  2 (Fe,Mn) 3Si,  Al2CuMg,  CUAI2,  and  possibly  minor 
amounts  of  Mg2Si  were  included  in  the  volume  fraction  measurements. 
The  volume  fraction  measurements  from  the  cross-section  and  the 
longitudinal  sections  agree  reasonably  well  while  the  volume 
fraction  measured  from  the  surface  gave  a higher  result.  This  be- 
havior is  consistent  with  results  reported  by  El-Soudani  and 
Pelloux[25]  who  found  that  when  total  number  of  grid  applications 
was  less  than  the  number  required  for  the  volume  fraction  to  con- 
verge in  all  three  spatial  directions,  the  volume  fraction  measured 
from  the  surface  gave  a higher  value.  Although  convergence  of  the 
volume  percent  on  the  cross-section  and  longitudinal  planes  does 
not  necessarily  indicate  the  true  volume  fraction,  it  is  believed 
that  this  does  represent  a value  which  is  sufficient  to  characterize 
the  volume  fraction  of  large  constituent  particles  in  this  alloy. 
Thus,  a 2.2  volume  percent  of  constituent  greater  than  1 ym  in 
2024  should  represent  a reasonable  estimate.  By  decreasing  the 
amount  of  Fe  and  Si  (and  Cu  by  0.2  wt.%),  the  volume  percent  con- 
stituent was  reduced  to  approximately  1.40  (2124).  By  reducing  the 
Cu  another  one  percent  (2048),  the  volume  percent  of  constituent 
particles  was  decreased  fourfold  to  0.50. 

In  addition  to  reducing  the  volume  percent  of  particles  by 
decreasing  the  amount  of  Fe,  Si,  and  Cu,  the  range  in  total  con- 
stituent particle  area  (a  measure  of  the  size  of  particles)  was 
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also  reduced  significantly,  particularly  in  the  large  particle 
range.  For  example,  particles  in  2024  having  a total  area  of 
200-300  pm^  were  not  uncommon,  while  in  2048  the  number  of  these 
large  size  particles  was  reduced. 

Although  the  only  nominaJ  difference  in  composition  between 
alloy  X7080(hiCu)  and  7050  is  the  Mn  substitution  for  the  Zr,  the 
volume  percent  of  constituent  particles  greater  than  1 pm  was 
significantly  different  (Figure  34).  Alloy  7050  had  a volume  per- 
cent near  1.0  while  in  X70B0(hiCu)  the  volume  percent  constituent 
i^articles  was  between  0.2-0.  4.  The  lower  volume  fraction  of  con- 
stituent particles  in  X7080(hiCu)  can  be  attributed  to  the  presence 
of  AI2  of''ri3Cu2  dispersoid  and  the  lower  Mg  content  which  precluded 
the  formation  of  Al2CuMg  particles  (S-phase).  In  7050  (no  Cu- 
containing  dispersoid) , the  amount  of  free  Cu  was  greater  than  in 
X7080(hiCu)  and  this  resulted  in  the  formation  of  the  S-phase 
(Al2CuMg),  and  thus  contributed  to  a higher  volume  fraction  of 
constituent.  The  remaining  constituents  present  in  these  materials 
are  Al7Cu2Fe  and  Mg2Si  particles. 

A comparison  of  the  volume  fraction  of  constituents  (Al7Cu2Fe, 
A1 1 2 (f’e? Mn)  3Si , FeAl^,  and  Hg2Si)  in  the  7075  and  the  high  purity 
version,  7475  (no  A1 j 2 (Fo,Mn) aSi  and  FeAle),  reflects  the  lower  Fe 
and  Si  content  present  in  7475  (Table  8).  Not  only  is  volume 
fraction  reduced,  but  the  range  of  total  particle  area  (a  measure 
of  size  of  the  particles)  is  also  smaller  in  the  7475.  The  volume 
i^ercent  of  constituents  in  7075  of  1.20-1.30  is  in  agreement  with 
the  work  of  El -Soudan!  and  Pelloux(25]  who  reported  a volume 
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Microstructure  of  X7080  (hi  Cu)-T76,  Structure  No.  8,  Revealing 
the  Large  Constituent  Particles  and  Smaller  Al2oCu2Mn3 
Dispersoid  Particles  (500X) 


b 

Microstructure  of  7050-T76,  Structure  No.  1,  Revealing 
the  Large  Constituent  Particles.  (500X) 


Microstructure  of  X7080  (hi  Cu)-T76  and  7050-T76 
-59- 
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percent  of  constituents  for  7075  of  similar  Fe  and  Si  content  of 
1.30-1.40. 

One  point  worth  noting  concerning  tJiese  measurements  is  that 
the  automated  system  measures  all  areas  that  appear  dark  in  the 
structure.  Thus,  voids  and  cracks,  if  present,  will  register  and 
be  included  in  the  measurement  of  the  volume  percent.  Alloys 
7475-T6  and  7075-T6  had  a slightly  higher  number  of  voids  present 
than  usually  found  in  commercially  produced  material;  however, 
comparison  of  test  results  with  those  for  commercial  7475  and  7075 
indicates  that  these  voids  did  not  affect  the  static  or  cyclic 
mechanical  properties.  Alloys  2024-T3,  2124-T3,  and  2048-T3  had 
voids  or  cracks  associated  with  large  constituent  particles. 

Figure  35.  Alloys  X7 08 0-T7 6 (hiCu ) and  7050-T7G  contained  very 
fev;  voids,  which,  when  present,  were  extremely  small. 

4.2  Static  Properties 

A summary  of  tensile,  notch-tens ile , and  tear  properties  of 
all  structures  is  given  in  Tables  9 to  13.  Figures  36  to  39  show 
the  toughness  measured  by  UPE  and  NTS/YS  as  a function  of  yield 
strength.  Discussion  of  the  relationship  between  microstructure 
and  toughness  is  presented  in  Appendix  B. 

4 . 3 Fatigue  Crack Propagation  Tests 
4.3.1  Methods  of  Analysis 

In  many  instances  inherent  scatter  of  crack  growth  rate  in- 
formation, generally  plotted  as  log  Aa/AN  vs  log  AK,  is  sufficient 
to  confound  ranking  of  fatigue  crack  growth  rate  performance  of 
different  -iloy  ir,i crostructures  jrossessing  subtle  differences  in 
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l-igiire  3b  Mic.'ograph  Showing  Constituent  Particles  in  (a)  2024, 
(b)  2124,  and  (c)  2048.  (1000X) 
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TEMPER,  MECHANICAL  PROPERTIES,  AI'JD  GRAIN  SIZES  OF  7XXX  ALLOY 
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UNIT  CRACK  PROPAGATION  ENERGY  (in  lb/in. 
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Figure  36  Toughness  of  the  7XXX  Series  Alloys  Measured  by  Unit 
Crack  Propagation  Energy, 
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Figure  37  Notch  Toughness  of  the  7XXX  Senes  Alloys 


• 2048-T31 


• 2124-T31  (loMn) 

• 2124-T31  (hiMn) 

• 2024-T31  (hi  Mn) 

• 2024-T31  (loMn) 

• 2024-T36(loMn) 

• 2048-T86 


• 2024-T8X 
2024-T81  (loMn)« 

2024-T86  (loMn) 


2124  T86  (loMn 
#2124  T86  (hiMn) 

^ • 2024-T86  (hiMn) 


• 2048-T31 
• 2124-T31  (loMn) 


* 2124-T31  (hiMn) 

# 2024-131  (hiMn) 


2024-T31  (loMn) 


• 2024-T36  (loMn) 


• 2048-T86 
• 2124-T86  (loMn) 

• 2124-T86  (hiMn) 
• 2024-T81  (loMn) 


• 2024-T86  (hiMn) 
#2024-786  (loMn) 


Much  of  the  varia- 


fatigue  crack  propagation  characteristics, 
bility  may  be  attributed  to  test  technique,  thereby  justifying  the 
concern  for  tight  experimental  controls  maintained  throughout  this 
program. 

Crack  growth  rate  data  were  analyzed  using  different  approaches. 
Visual  side  by  side  comparison  of  As/aN  vs  aK  data  points  for  dif- 
ferent microstructures  were  made  to  ascertain  qualitative  differences. 
This  method  affords  assessment  of  main  effects  on  crack  growth  rate 
but  evaluation  of  interaction  effects  of  microstructure,  environment, 
and  test  frequency  becomes  difficult. 

Analysis  of  variance  was  used  to  estimate  the  main  effects  and 
interactions  of  microstructural  and  testing  variables  on  fatigue 
crack  growth  rate  at  discrete  levels  of  AK.  Since  a two-level 
factorial  design  was  used,  the  Yates  algoritlim  [26]  provided  a con- 
venient method  to  estimate  effects.* 

For  one  approach  using  the  Yates  analysis,  crack  growth  rate, 
Aa/AN,  was  considered  as  a dependent  variable  at  distinct  levels 
of  stress  intensity  range,  AK,  of  6 and  16  ksi»' in . Growth  rate 
information  to  AK  levels  as  high  as  16  ksiiin.  was  not  obtained  for 
all  structures  and  conditions.  However,  sufficient  growth  rate 
data  was  available  at  lower  AK  in  all  cases  to  make  reasonable 
extrapolation  to  AK  = 16  ksiv’in.  The  method  of  extrapolation  was 
typical  of  that  shown  in  Figure  40  used  for  cyclic  life  estimations 
discussed  in  the  following  paragraph. 

*A  95%  confidence  level  was  used  to  assess  whether  effects  were 
signi f leant . 
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Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN 


Another  approach  was  to  analyze  influence  of  different  variables 


[ 


f 


■ 
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on  cyclic  life.  Cyclic  life  is  a meaningful  parameter  directly 
related  to  end  product  use.  Using  cyclic  life  rather  than  growth 
rate  afforded  an  alternate  means  of  ranking  fatigue  crack  propaga- 
tion performance  by  which  alloy  differences  can  be  viewed  more 
sensitively.  To  maximize  amount  of  information  per  test,  inter- 
mediate AK  data  was  generated  at  two  levels  of  test  frequency  per 
specimen.  Therefore,  straight  comparison  of  crack  length  vs  cycles 
(a  vs  N)  information  of  each  test  would  be  impractical , since  all 
specimens  did  not  undergo  identical  load  histories.  However, 
cyclic  life  estimates  derived  from  fracture  mechanics  analysis  of 
fatigue  crack  growth  rate  data,  two  frequencies  per  test,  provided 
two  estimated  a vs  N curves  per  test,  one  for  each  frequency  (2  and 
20  Hz).  This  method  was  used  to  both  supplement  and  verify  con- 
clusions drawn  from  comparison  of  crack  growth  rate  at  specific  AK 
values.  Like  crack  growth  rate,  predicted  fatigue  life  was  employed 
as  a dependent  variable  in  the  Yates  analysis. 

Cyclic  life  (number  of  stress  cycles)  required  to  grow  a 

crack  from  a given  initial  to  final  size  in  the  3-inch  wide  center  1 

I 

crack  tension  configuration  was  computed  employing  a linear  damage  j 

approach  and  crack  growth  rate  information  generated  for  each  of  j 

the  microstructures,  environments,  and  frequencies.  The  computa- 
tions performed  assumed  initial  half  crack  length,  "a,"  of  .373 
inch  and  a final  "a"  value  of  1,1  inch.  The  assumed  applied 

stresses  were  constant  amplitude  and  set  at  o =8  ksi  and 

rutix 

R = 0 . /o  = 1/3.  At  this  stress  level,  AK  equaled  6 and 
min  max 
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]5  ksii' in.  , respectively,  for  each  of  the  above  "a"  values.  These 
bounds  on  crack  length  and  intermediate  AK  levels  were  selected 
since  all  structures  had  meaningful  data  generated  at  two  frequencies 
within  the  stated  ranges.  Moreover,  the  range  in  crack  growth 
rates  and  AK  traversed  in  this  study  are  representative  of  values 
encountered  in  actual  service.  Critical  levels  of  fracture  tough- 
ness, K^,  developed  for  7XXX  and  2XXX  alloys  in  nominal  .063  inch 
gauges  would  typically  be  well  above  22.5  ksi> in. , the  maximum 
cyclic  stress  intensity,  K , at  AK  = 15  for  K = 1/3.  Therefore, 
the  AK  = 15  ksitThT  upper  bound  chosen  for  life  comparisons  was 
considered  to  be  low  enough  such  that  results  over  the  stated  AK 
range  would  not  be  unfairly  biased  by  differences  in  K^.  To 
facilitate  crack  growth  computation,  a series  of  piecewise  con- 
tinuous "best  fit"  stiaight  lines  were  selected  to  best  represent 
the  crack  grow’th  rate  inforraation  for  each  set  of  conditions. 

Typical  fits  to  actual  data  are  sh.own  in  plots  in  Figure  4 0. 

Fracture  mechanics  life  predictions  established  in  the  above 
manner  from  data  of  replicate  intermediate  AK  crack  growth  tests 
of  four  7XXX  alloys  were  dem.onstrated  to  be  highly  reproducible 
(Table  14) . A total  of  ten  crack  growth  specimens  were  identically 
tested  in  high  humidity  air  at  two  frequencies  per  test  for  a total 
of  20  replications  on  estimated  life.  The  maximum  deviation  of 
I'ledicted  life  from  individual  tests  was  in  all  cases  within  1%  of 
the  mean  predicted  life  for  eac)i  7XXX  alloy.  One  exception  to  this 
iii;h  degree  of  reproducibility  was  noted  for  two  replicate  2XXX 
alloy  tests  conducted  in  low  humidity  air  (calculated  lives 
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differed  by  approximately  30%);  refer  to  Table  14  and  also  to 
section  4. 3. 2. 2. 3.  The  greater  degree  of  variability  noted  under 
these  circumstances  was  tentatively  attributed  to  the  high 
sensitivity  of  fatigue  crack  growth  rate  to  small  changes  in 
moisture  content  for  Al-Cu-Mg  alloys  tested  in  low  humidity  air 
and  at  high  frequencies.  See  section  5.2.1  and  Figure  67. 

Efficiency  of  the  full- factorial  design  can  be  appreciated  by 
considering  the  experimental  module  containing  Structures  14  through 
21  (refer  to  section  4. 3. 2. 2.1).  The  2^  full-factorial  design  of 
three  microstructural  features  (constituent,  disperse id,  and  pre- 
cipitate) and  two  testing  variants  (frequency  and  environment) 
required  16  specimens  (two  frequencies  per  specimen) . The  informa- 
tion provided  on  any  one  of  the  effects  was  the  same  as  that  which 
would  be  available  had  all  16  specimens  been  tested  to  study  one 
of  the  effects. 

In  summary,  conclusions  developed  in  this  investigation  for 
intermediate  levels  of  AK  (4  to  20  ksi/ in. ) were  based  upon  both 
visual  and  statistical  examination  of  crack  growth  rate  data  and 
estimated  cyclic  life.  Because  low  AK  tests  were  limited,  it  was 
not  possible  to  employ  statistical  methods.  Consequently,  all 
conclusions  concerning  these  low  AK  tests  were  made  using  visual 
comparisons  of  generated  data. 

4.3.2  Crack  Growth  Results 

4 . 3. 2. 1 7XXX  Alloys 

4. 3. 2. 1.1  Type  of  Dispersoid 
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This  module  was  designed  to  provide  information  regarding 
relative  merits  of  ZrAls  and  Al2oCu2Mn3  dispersoids  separately  and 
in  combination; 


Alloy-Temper 


Structure 


Weight,  % 
Zr  Mn 


7050-T76  1 
7050+Mn-T76  2 
X7080  (hiCu)-T76  3 


0.11  0.01 
0.11  0.40 

0.01  0.39 


Intermediate  AK  (Figures  C-1  to  C-6)* 


Structure 

Life»  Cycles 
AK  = 6 to  15  ksi/In. 

(10-6  in. /cycle) 

1 AK  = 6 ksi/in. 

1 AK  - 16  ksi/Tn. 

High  Humidity 
2/20  Hz 

Low  Humidity  j 
2/20  Hz  1 

: High  Humidity 
2/20  Hz 

low  Humidity 
2/20  Hz 

1 High  Humidity 
1 2/20  Hz 

Low  Humidity 
2/20  Hz 

1 

62056/47620 

97590/98108 

3. 8/4. 8 

2.7/2. 7 

1 47/69- 

36/36* 

2 

82572/69100 

103668/119574  | 

3. 0/3. 5 

2. 4/1. 8 

i 46/69* 

40/32* 

3 

77378/52051 

112513/120935  i 

2.8/4. 4 

2. 0/1. 7 

68/106- 

45/29* 

* Value  dotorminod  By  extrapolation. 


since  this  module  was  not  a complete  factorial  design  (0.0% 

Zr  withO.0%  Mn  is  absent),  Yates  analysis  was  performed  by  com- 
paring results  for  each  structure  against  one  another.  Predicted 
lives  and  crack  propagation  rates  for  the  three  structures  were 
not  significantly  different. 

Increasing  the  moisture  content  of  the  test  environment  from 
5 to  95%  R.H.  significantly  increased  crack  propagation  rates, 
while  decreasing  the  frequency  in  high  humidity  air  decreased  rates. 
Low  aK  (Figures  D-1  and  D-2) 

No  difference  in  crack  growth  rate  was  observed  between 
Structures  1 (7050-T76)  and  3 (X7080 (hiCu)-T76) . 

4 . 3 . 2 . 1 . 2 Copper  Content 

♦Figure  prefixes  C,  D,  or  E refer  to  Appendix  C,  D,  or  E, 
respectively. 
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Comparison  of  these  structures  permitted  determination  of 
the  effect  of  Cu  content  on  crack  propagation  rate  in  7050-type 
alloys: 

Weight,  % 

Alloy-Temper  Structure  Cu 

X7080 (hiCu)-T76  3 2.3 

X7080-T76  4 0.99 


Intermediate  AK  (Figures  C-5  to  C-8) 


Life,  Cycles 
AK  » 6 to  15  ksi/In. 

(10*6  in. /cycle) 

AK  = 6 

ksi/In. 

AK  » 16 

ksi/In. 

High  Hxunidity 

Low  Humidity 

High  Humidity 

Low  Humidity 

1 High  Humidity  Low  Humidity 

Structure 

2/20  Hz 

2/20  Hz 

2/20  Hz 

2/20  Hz 

2/20  Fz 

2/20  Hz 

3 

77378/52051 

112513/120935 

2. 8/4. 4 

2. 0/1. 7 

68/106* 

45/29* 

4 

35404/26852 

90679/91410 

7.0/8. 4 

2. 7/2. 7 

80/87* 

35/35* 

* Value  determined  by  extrapolation. 


Magnitude  of  the  effect  of  Cu  depended  on  humidity  level.  In 
low  humidity  air.  Structure  4 had  slightly  shorter  life  and  some- 
what higher  crack  growth  rate.  In  high  humidity  air,  however. 
Structure  4 had  significantly  shorter  predicted  life  and  higher 
crack  growth  rates.  Frequency  effects  were  not  changed  by  copper. 
Low  AK  (Figures  D-2  and  D-3) 

In  high  humidity  air,  growth  rates  of  Structure  4 (X7080-T76) 
and  Structure  3 (X7080 (hiCu)-T76)  converged  at  AK  of  about  4 to 
5 ksi/InT  At  AK  levels  below  4 ksi/in. , the  lower  Cu  structure 
had  lower  crack  growth  rate. 

4. 3. 2. 1.3  Strengthening  Precipitate  Type 

Structures  5,  6,  and  7 were  experimental  tempers  designed  to 
provide  information  concerning  influence  of  precipitate  type  in 
alloy  7050.  These  structures  were  produced  using  non-convent ional 
precipitation  heat  treatments  at  temperatures  well  above  that  used 
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in  commercial  practice.  After  employing  these  aging  practices/ 
different  amounts  of  S-phase/  S',  ri,  and  r\'  precipitates  were 
produced.  Results  are  compared  with  those  of  7050-T76,  Structure  1. 

Amount  and  Type  of 

Alloy-Temper  Structure  Precipitate 


7050-T76 

7050-TXl 

7050-TX2 

7050-TX3 


1 T{' 

5 (S',  n,  n') 

6 Small  S with  large  (S',ri,n') 

7 Medium  S with  (n,  n') 


Intermediate  AK  (Figures  C-1,  2,  9 to  14) 


1 i 

Life»  Cycles  i 

1 AX  s 6 to  15  ksi/Tn. 

(10-6  in, 

./cycle) 

1 AK  B 6 

kai/In. 

1 AK  » 16 

ksi/In. 

' High  Humidity 

Lcfw  H\unidity  1 

High  Humidity 

Low  Humidity 

1 High  Humidity  Low  Humidity 

Structure 

2/20  Hz 

2/20  Hz  j 

' 2/20  Hz 

2/20  Hz 

2/20  Hz 

2/20  Hz 

1 

62056/47620 

97590/98308  j 

cc 

2. 7/2. 7 

47/69* 

36/36* 

5 

62155/62730 

103528/103350 

1 4. 9/4. 9 

2. 7/2. 7 

40/40* 

30/30* 

76783/77663 

144871/148269  ^ 

3. 4/3. 4 

1.6/1. 6 

47/47* 

35/35* 

7 { 

84045/83909 

109033/129900 

3. 2/3. 2 

2. 2/2.1 

40*/40* 

40/25* 

^ VaTue  detern'ined  by  extrapolation. 


The  degree  of  precipitation  increased  progressively  in 
Structures  1,  5,  7,  and  6,  respectively.  In  low  humidity  air, 
crack  growth  life  showed  progressive  improvement  with  degree  of 
precipitation.  Structure  6 showed  significantly  longer  life  than 
Structures  1,  5,  or  7.  In  high  humidity  air,  life  was  shortest 
for  Structures  1 and  5,  while  lives  of  Structures  6 and  7 were 
approximately  the  same.  No  frequency  effects  were  observed  in  the 
experimental  tempers. 

4. 3. 2. 1.4  Grain  Size 

These  structures  were  designed  to  evaluate  the  effect  of  grain 
size  in  the  hiCu  7XXX  alloys  (7050-type): 
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Alloy-Temper 

Structure 

Grain  Size,  mm 
LT  T Long . 

qrains/mm^ 

X7080(hiCu)-T76 

3 

0.055  0.017  0.055 

20,000 

X7080 (hiCu)-T76 

8 

1.00  0.20  1.0 

5 

Intermediate  AK  (Figures  C-5,  6,  15,  and  16) 


Life,  Cycles 
AK  » 6 to  15  ksi/In. 

(10-6  in./cycle) 

AK  » 6 

ksi/in. 

1 AK  » 16  ksi/In. 

Structure 

High  Humidity 
2/20  Hz 

Low  Humidity 
2/20  Hz 

High  Humidity 
2/20  HZ 

Low  Humidity 
2/20  Hz 

1 High  Humidity 
1 2/20  Hz 

Low  Humidity 
2/20  Hz 

3 

77378/52051 

112513/120935 

2. 8/4. 4 

2. 0/1. 7 

68/106* 

45/29* 

8 

84201/54155 

100356/107631 

3.0/4. 0 

2. 4/2.0 

47/70* 

45/36* 

* Value 

determined  by 

extrapolation . 

Although  the  grain  size  differed  by  more  than  one  order  of 
magnitude,  the  predicted  fatigue  lives  and  crack  propagation  rates 
were  not  significantly  different.  Increasing  relative  humidity 
decreased  life  for  both  structures.  Frequency  effects  of  both 
structures  were  comparable. 

The  effects  of  grain  size  were  also  established  in  a 7075- 
type  alloy: 


Alloy-Temper 


Structure 


Grain  Size,  mm 
LT  T L 


qrains/mm^ 


7075-T61 

7075-T61 


9 0.033  0.011  0.039  65,000 

13  0.125  0.015  0.10  5,000 


Intermediate  AK  (Figures  C-17  to  19  and  C-28,  29) 


Structure 

Life,  Cycles 
4K  > 6 to  IS  ksi/In. 

[ (10"®  in. /cycle) 

AK  > 6 ksi/In. 

AK  - 16  ksi/In. 

High  Humidity  Low  Humidity 
2/20  Hz  2/20  Hz 

High  Humidity  Low  Humidity 
2/20  Hz  2/20  Hz  l 

High  Humidity  Low  Humility 
2/20  Hz  2/20  Ht 

9 1 

13  i 

72272^63565^  107888/142228 

65614/55818  102823/105246 

3. 7^3. 9^  2. 2/1. 6 j 

4. 2/4. 6 2. 4/2. 2 1 

46^/44^*  46/23* 

46/65*  3«*/39* 

rv.iluc  th»>  nveratio  of  two  t^sts. 

•Value  detorminod  by  extrapolation. 

The  lower  performance  of  Structure  13  with  coarse  grain  size 


was  not  statistically  significant. 
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Grain  size  did  not  alter  the  frequency-environment  effects 


previously  noted  for  7X75-T6  structure. 

Low  AK  (Figures  D-4,  D-7) 

Structures  9 and  13  had  similar  crack  propagation  rates  at  low 


I 


f 

A 


AK  in  high  humidity  air. 

4. 3. 2. 1.5  Dispersoid-Constituent 

These  structures  were  designed  to  evaluate  individual  and 
combined  effects  of  increasing  the  Ali2Mg2Cr  dispersoid  size  and 
spacing  and  of  decreasing  volume  fraction  of  Al7Cu2Fe,  Alj 2 (Fe,Mn) 3Si, 
FeAlg,  and  Mg2Si  insoluble  constituents; 


Allov-Temper 

Structure 

Vol  % of 
Constituents ; 
Al7CU2Fe, 

Mg 9 Si,  etc. 

Size  and  1 

Spacing  1 

Ali2Mg2Cr*  1 

Dispersoid  il 

7075-T61 

9 

1.20 

Large  \'i 

7075-T6 

10 

1.20 

Normal  p 

7475-T61 

11 

0.  50 

Large  i’; 

7475-T6 

12 

0.50 

Normal  p 

*See  Figures  27  and  28  for  comparison  of  size  and  spacing 
of  Ali2Mg2Cr  dispersoid. 


Intermediate  AK  (Figures  C-17  to  C-27) 


Structure 

Life,  Cycles 

ax  ■ 6_to  15  ksi/Tn. 

High  Humidity  Low  Humidity 
2/20  Hz  2/20  HZ 

1 (10“6  in. /cycle) 

aK  * 6 

ksi/Tn.  1 

ax  ■ 16  ksi/Tn. 

High  Humidity 
2/20  Hz 

Low  Humidity 
2/20  Hz 

High  Humidity 
2/20  Hz 

Low  Humidity 
2/20  Hz 

9 

72272^/63565^ 

107888/142228 

3. 7^/3. 9^ 

2. 2/1. 6 

46^/44^** 

46/23** 

10 

1 63353/55993 

88442/107824  | 

4.0/4. 5 

2. 4/2.0 

88/54** 

88/50** 

11 

73407/55989 

102968/107391  ' 

4.0/4. 5 . 

2. 6/2. 5 

36/54** 

32/34** 

12 

72569/57560 

96624/116511  ! 

3.8*/4.4^ 

2.7**/2.2 

42</56*** 

37/18** 

Value  determined  by  extrapolation, 
t Value  represents  the  average  of  two  tests. 
t Value  represents  the  average  of  three  tests. 
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Predicted  lives  of  standard  alloy  7075-T6  (normal  size  Cr 
dispersoids  and  higher  volume  fraction  of  constituents)  were 
shorter  than  lives  of  the  other  structures,  and  crack  growth  rate 
analysis  indicated  that  the  difference  was  due  to  the  faster  crack 
growth  rate  at  the  higher  levels  of  AK. 

Increasing  the  moisture  content  decreased  life  and  increased 
crack  growth  rate.  Main  frequency  effects  were  not  statistically 
significant,  but  a frequency-environment  interaction  was  noted. 
Increasing  frequency  in  high  hvimidity  air  and  decreasing  frequency 
in  low  humidity  air  both  increased  crack  growth  rate. 

Low  AK  (Figures  D-4  to  D-6) 

At  these  low  AK  levels  in  high  humidity  air,  no  difference 
in  crack  growth  rates  was  observed  for  Structures  9 (7075-T61), 

10  (7075-T6),  and  11  (7475-T61). 

4. 3. 2. 2 2XXX  Alloys 

4. 3. 2. 2.1  Constituent,  Dispersoid,  and  Strengthening  Precipitate 

These  structures  were  designed  to  provide  a complete  factorial 
design  experiment  of  main  effects  and  interactions  of  volume 
fraction  of  Al2oCu2Mn3  dispersoid,  volume  fraction  insoluble  con- 
stituents (vis;  Al7Cu2Fe,  Ali 2 (Fe,Mn) sSi,  Al2CuMg,  and  MgaSi) , and 
temper  (initial  dislocation  density  and  precipitate. 

Volume  Fraction  Volume  Fraction 
Al2oCu2Mn3  Insoluble 

Alloy-Temper  Structure  Dispersoid  Constituent 


2024 (hiMn)-T31 

14 

0.026 

0.022 

2124 (hiMn)-T31 

15 

0.026 

0.014 

2024 (loMn)-T31 

16 

0.  Oil 

0.  022 

2124 (loMn)-T31 

17 

0.011 

0.014 

2024 (hiMn)-T86 

18 

0.026 

0.  022 

2124 (hiMn)-T86 

19 

0.  026 

0.  014 

2024 (loMn)-T86 

20 

0.  Oil 

0.022 

2124 (loMn)-T86 

21 

0.011 

0.014 
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Intermediate  aK  (Figures  C-30  to  C-45) 


1 Life,  Cvcles 

1 (10"6  in. /cycle) 

AK  * 6 to 

15  ksi/Tn. 

' AK  = 6 

ksi/Tn. 

1 AK  = 16  ksi/Tn. 

Structure 

High  Humidity 
2/20  Hz 

Low  Humidity 
2/20  Hz 

' High  Humidity 
2/20  Hz 

Low  Humility 
2/20  H2 

1 High  Humidity 
! 2/20  Hz 

Low  Humidity 
2/20  Hz 

14 

15 

16 

17 

18 

19 

20 
21 

* 105981/125743 
167239/173333 
162256/159102 
157168/157310 
90998/99453 
96484/100867 
87225/86745 
107846/111187 

183385/382188 
198266/312773 
171427/398000 
215177/318270 
103920/126121  ' 
125747/220731  ' 
118900/165298  I 
120575/161659  1 

i 2. 6/2. 4 

1 1.6/1. 6 

: 1. 4/1.4 

; 1.6/1. 6 
2. 1/2.1 
2. 2/2. 2 
2. 4/2. 4 
2. 1/2.1 

1.3/0.64  ' 

1.3/0.89 
1.3/0.78 
1.1/0.70 
1.8/1. 8 
1. 7/1.1 
1.6/1. 5 
1.7/1. 5 

40/22** 

1 22/22** 
31/25** 

! 23/16** 

120/62** 
61/52** 
145/145** 
44**/44** 

24/6.5** 

19/6.4** 

21/5.6** 

22/9 .0** 

127/45** 

66/30** 

144/27** 

64/19** 

•’Value  determined  by  extrapolation. 


Key  results  of  analyses  are  presented  graphically  in  Figures 
41  and  42. 

Analysis  indicated  that  Mn  dispersoid  had  no  main  effect  and 
did  not  interact  with  other  microstructural  features  or  with  test 
conditions  to  influence  results. 

Volume  fraction  of  insoluble  constituent  had  no  effect  in  the 
T31  temper.  In  the  T86  temper,  mean  (averaged  on  both  frequencies  I 

and  environments)  predicted  lives  of  alloys  with  the  lower  volume  y 

fraction  averaged  about  35%  longer.  T86  temper  structures  con-  | 

taining  low  volume  fraction  of  constituent  had  lower  crack  propa-  g 

gation  rates  at  AK  of  16  ksi/ini , and  visual  analysis  of  data  | 

indicated  that  magnitude  of  the  difference  increased  with  increasing  | 

li 

AK.  Mean  crack  propagation  rates  of  the  lower  volume  constituent 

material  at  AK  of  6 ksi/in.  were  also  lower,  but  this  difference  was  I 

not  found  to  be  statistically  significant  at  the  95%  confidence 

level . 

Temper  produced  the  largest  microstructural  effect.  Mean 
predicted  lives  of  the  T31  temper  structures  (GP  zones,  1% 
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TP 


stretch)  were  about  75%  longer  than  those  of  the  T86  temper 
structures  (S'"  precipitate,  5%  stretch)  and  crack  growth  rates 
were  lower,  particularly  at  the  higher  levels  of  aK. 

Test  frequency  and  environment  both  influenced  results. 
Structures  tested  in  the  high  humidity  environment  had  shorter 
predicted  lives  and  higher  crack  growth  rates  at  both  levels  of 
AK.  Frequency  had  no  effect  in  the  high  hum.idity  environment.  In 
low  humidity  environment,  all  structures  tested  at  20  Hz  had  longer 
predicted  lives  and  lower  crack  growth  rates. 

Low  AK  (Figures  D-8  to  D-10) 

No  difference  was  observed  between  crack  growth  rates  of 
Structure  16  (2024 (loMn) -T31 ) and  17  (2124 (loMn) -T31 ) . Structure 
17  d:'d,  however,  have  a significantly  lower  crack  growth  rate 
than  Structure  21  (2124 (loMn)-T86)  at  AK  above  about  3 ksi/in. 

Below  AK  ''-2.5  ksi>'in.  , Structures  17  and  21  had  similar  growth 
rates. 


4. 3. 2. 2. 2 Dislocation  Density-Strengthening  Precipitate 

These  structures  extablished  the  interaction  between  type  of 
strengthening  precipitate  and  the  dislocation  density  introduced  by 
stretching  after  the  quench  from  the  solution  heat  treatment 


temperature . 

Alloy-Temper 


Dislocation 
Structure  Density 


Precipitate 


2024 (loMn)-T31 
2024 (loMn)-T36 
2024 (loMn)-T81 
2024 (loMn)-T86 


16 

Low 

22 

High 

23 

Low 

20 

High 

GP 

GP 

S' 

S' 
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31/25' 

37/37 

65/48' 

61/52 


21/5.6 

26/6.2’ 

54/20* 

66/30* 


These  structures  provided  information  on  the  effects  of  de 
cirsasing  ths  Cu  contant  in  2XXX  alloys  agsd  to  two  diffarant 
tempars. 


Alloy-Tamper 


2124  (loMn)-T31 
2048-T31 
2124 (loMn)-T86 
2048-T86 


Structure 


Cu  Content 

4.10 

3.25 

4.10 

3.25 


Intermediate  aK  (Figures  C-34,  35,  42,  43 


162256/159102 


171427/398000 


1.3/0.70 


22  ; 111106/125593  180364/363196 

23  I 94871/110231  141220/193256  j 

20  ! 87223/86745  118900/165298  i 

* Value  determined  by  extrai^olation . 


Increasing  the  amount  of  stretch  decreased  life,  particularly 
in  T8  tempers.  Growth  rate  analysis  indicated  that  the  propagation 
rates  of  the  T86  temper  sheet  were  significantly  higher  than  those 
of  the  T81  temper  sheet  at  AK  = 16  ksi/in. 

Stretching  had  no  effect  on  the  interactions  of  frequency 


and  environment. 


4. 3. 2. 2. 3 Copper  Content-Strengthening  Precipitate 


i 
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Intermediate  aK  (Figures  C-36,  37,  44,  45, 


50  to  54) 


Structure 

17 

24 


21 

25 


Life,  Cycles 
AK  * 6 to  15  ksi/In. 

AK  = 6 

kai/in. 

1 4K  = 16 

ksi/In. 

High  Humidity 
2/20  Hz 

Low  Humidity 
2/20  Hz 

High  Humidity 
2/20  Hz 

Low  Humidity 
2/20  Hz 

High  Humidity  Low  Humidity 
! 2/20  Hz  2/20  Hz 

157168/157310 

1S3598/196000 

215177/318270  ^ 
229459^/372850 

^ 1.6/1. 6 

li 

'•  1.5/1. 3 

1.1/0.70 

0.88^/0.57^ 

23/16* 

18/16* 

22/9.0* 
25^/20^  * 

(258362/422061V 

[200556/323638j 

(0.71/0.44\* 
jl.l  /0.70| 

(34/22*p 

|l5/17*| 

107846/111187 

120575/161659 

I 2. 1/2.1 

1.7/]. 5 

44*/44* 

64/19* 

130420/125242 

186757/197441 

1.8/1. 8 

1.2*/1.1 

34/27* 

26/17* 

* V'alue  determined  by  extrapolation, 
t Value  represents  the  average  of  two  tests. 

Values  from  individual  tests.  Two  hr.  discussion  of  this  variability. 
Refer  to  Sections  4.3.1  and  5.2.1. 


In  high  humidity  air,  2048  had  longer  life  and  lower  crack 
growth  rate  than  2124  in  both  tempers.  Alloy  2048-T86  also  had 
longer  life  and  lower  crack  growth  rate  than  2124-T86  in  low 
humidity  air. 

The  initial  test  of  2048-T31  in  low  humidity  air  indicated 
that  fatigue  life  of  2048-T31  was  far  superior  to  that  of  2124-T31 
at  a frequency  of  20  Hz.  A retest  was  run  on  2048-T31  in  low 
humidity  air  to  verify  this  outstanding  result,  but  estimated  life 
from  the  second  test  was  no  different  from  that  of  2124-T31. 

Cu  content  had  no  effect  on  the  environment- frequency 
interaction. 

Low  AK  (Figures  D-9  to  D-11) 

In  the  low  aK  range  and  in  high  humidity,  crack  growth 
resistance  of  2048-T31  was  better  than  that  of  2124-T31. 

4.4  Supplementary  Structures  to  Study  Precipitate  Morphology 
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Preliminary  analysis  indicated  that  precipitate  morphology 
had  the  largest  effect  on  fatigue  crack  propagation  rate.  To 
provide  supplementary  information,  one  additional  2024  temper 
(Structure  26)  and  two  additional  7050  tempers  (Structures  27 
and  28)  were  produced  and  tested. 

4.4.1  Overaged  2024 

Structure  26,  2024-T8X,  was  prepared  by  solution  heat  treating, 
quenching,  stretching  to  flatten,  and  aging  7 hours  at  475°F.  The 
precipitate  structure  was  S'  platelets  (Table  7)  and  the  yield 
strength  (Table  13)  was  similar  to  that  of  2024-T36.  Toughness 
as  measured  by  UPE  was  comparable  to  that  of  2024-T86  (Table  13). 
Figures  C-55,  56) 


Life,  Cycles 

(10“^  in. /cycle) 

AK  = 6 to  15  ksi/Tn. 

AK  = 6 

Icsi/Di. 

AK  = 16  ksii''Tn. 

Structure 

High  Humidity  Low  Humidity 
2/20  Hz  2/20  Hz 

High  Humidity 
2/20  Hz 

Low  Humidity 
2/20  Hz  i 

High  Humidity 
: 2/20  Hz 

Low  Humidity 
2/20  Hz 

26  i 

94789/94727  130841/179396 

2. 5/2. 5 

1.7/1. 6 1 

48/48* 

38/16* 

* Value  determined  by  extrapolation. 


Calculated  lives  of  this  material  were  not  significantly  dif- 
ferent from  those  of  2024-T86  (Structures  18  and  20) , but  fatigue 
crack  propagation  rates  at  high  AK  were  lower. 

4.4.2  Underaged  7050 

To  prepare  Structures  27  and  28,  alloy  7050  panels  were 
solution  treated,  quenched  in  cold  water,  and  stretched  to  fat- 
ten. One  was  aged  several  months  at  room  temperature  (7050-W, 
Structure  27).  The  structure  contained  GP  zones  (Table  6),  and 
yield  strength  (Table  13)  was  comparable  to  that  of  the  drastically 


"overaged"  TX  Structures  5,  6,  and  7.  The  other  panel  was  slightly 
underaged  by  precipitation  heat  treating  it  for  24  hours  at  250°F 
(7050-T6,  Structure  28).  Yield  strength  was  close  to  that  of  the 
slightly  overaged  7050-T76  (Structure  1).  Precipitate  structure 
consisted  of  GP  zones  and  n"* 

Figures  C-57  to  60) 


Structure 

Life#  Cycles 

I AK  = 6 to  15  ksi*''Tn. 

1 — ^ (10"^  in. /cycle) 

■ AK  = 6 ksi/Tn. 

AK  = 16  ksi/in. 

' High  Humidity  Low  Humidity 
2/20  Hz  2/20  Hz 

High  Humidity  Low  Humidity 
2/20  Hz  2/20  Hz 

High  Humidity  Low  Humidity 
2/20  Hz  2/20  Hz 

27 

28  i 

32599/32692  94413/93763 

36761/37392  93447/96147 

8. 6/8.6  2. 9/2. 9 

7. 0/7.0  2. 9/2. 9 

98/98*  34/34* 

102/102*  36/36* 

* Value  determined  by  extrapolation. 


Fatigue  crack  propagation  characteristics  of  7050-W  were 
the  least  attractive  of  all  of  the  7050  tempers,  especially  in 
the  high  humidity  environment.  Fatigue  crack  propagation  charac- 
teristics of  both  7050-W  and  T6  approached  those  of  7050-T76  in 
the  low  humidity  air,  but  the  mean  lives  (averaging  2 and  20  Hz 
data)  were  significantly  below  those  of  7050-T76  in  high  humidity 
air.  No  frequency  effects  were  observed. 

4.5  Lab  Fabricated  vs  Commercial  7075-T6 

For  comparative  purposes,  fatigue  crack  growth  rate  tests  in 
the  intermediate  region  of  AK  were  conducted  for  commercially 
fabricated  7075-T6  sheet. 


Figures  C-2Q,  21,  61,  62 


(10“^  in. /cycle) 

AK  = 6 to* 15 

ksi/in.  ! 

AK  = 6 

ksi/ih . 

[ AK  = 16  ksi/in. 

Structure 

High  Humidity 
: 2/20  Hz 

Low  Humidity  i 
2/20  Hz 

High  Humidity 
2/20  Hz 

Low  Humidity 
2/20  Hz 

High  Humidity  Low  Humidity 
2/20  Hz  2/20  Hz 

Comme  r c i a 1 
7075-T6 

71466/53407 

83815/8BH14 

3.6/4, 6 

2.5/2. 3 

107/76*  81/48* 

10 

6 335.3/55703 

88*U2'107824 

4 . n/4  . 5 

2 .4  ^2 .0 

88  '54*  88/50* 

* V.jIup  df>tcrminod  by  ion . 


4.6  Fractographic  Studies 
High  AK  (^15  ksi/in. ) 


At  high  levels  of  AK,  fractography  studies  revealed  that 
fatigue  failure  occurred  primarily  by  the  ductile  rupture  mode 
(e.g. , Figure  43) . 

Intermediate  AK 

Fractographs  of  selected  specimens  showing  the  interaction 
of  particular  microstructural  features  and  the  propagating  fatigue 
crack  are  illustrated  in  Figures  44  to  55. 

Figure  44  shows  that  the  constituent  particles  had  an  effect 
on  the  crack  propagation  path  which  was  unlike  that  at  high  AK. 

These  particles  appeared  to  have  initiated  cracks  (Figure  45)  and 
offered  local  resistance  to  the  advancing  crack  front  (Figures  46 
and  47). 

Dispersoid  particles  did  not  initiate  cracks  and  did  not 
appear  to  interact  to  a large  extent  with  the  advancing  crack 
(Figures  48  and  49). 

Fractographs  of  X7080-T6  in  Figure  50  show  that  grain  size 
did  not  change  the  overall  crack  propagation  mode.  This  observation 
is  consistent  with  the  results  of  the  crack  growth  rate  and  pre- 
dicted life  analysis  which  indicated  that  grain  size  had  no  in- 
fluence on  macroscopic  growth  rate. 

In  the  7XXX  alloys,  crack  growth  rate  analysis  indicated  that 
in  high  humidity  air  the  fatigue  crack  propagation  rate  was  sub- 
stantially increased  by  decreasing  the  Cu  content  from  2.3  to  1% 
(Structures  3 and  4).  Micrographs  of  the  fracture  surface  of 
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DIRECTION  OF 
CRACK  PROPAGATION 


^K=15  ksix/irT 


LOW  HUMIDITY 
AIR 


DIRECTION  OF 
CRACK  PROPAGATION 


DIRECTION  OF 
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Figure  44  Scanning  Electron  Fraciograph  Illustrating  Constituent 
Effect  at  Intel  mediate  aK  Compare  with  Figure  43 
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^ i Figure  45  Scanning  Electron  Fractograph  of  2024  (hi  Mn)-T31. 
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r ' at  Large  Constituent  Particle. 
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Figure  46  Fracture  Surface  of  7050-T76  Illustrating  Small  Effect 
of  Constituent  Particles  on  Crack  Growth  Rate. 
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Figure  48  Scanning  Electron  Fractograph  of  X7080  (hi  Cu)-T76  Showing 
Small  Effect  of  Al2oCu2Mn3  Dispersoid  on  Crack  Growth. 
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Fracture  Surface  of  X7080  (hi  Cu)-T76  Showing  Small 
Effect  of  Al2oCu2Mn3  Dispersoid  on  Crack  Growth. 
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X7080  (hi  Cu)-T76  (Ig.  g.s.) 
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Figure  50  Scanning  Electron  Fractograph  of  7080  (hi  Cu)-T76  Having 

Two  Different  Grain  Sizes  Showing  Similar  Fracture  Appearance 
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these  alloys  show  that  the  fracture  mode  was  different  in  these 
structures.  In  the  2.3%  Cu  alloy  (X7080  (hiCu) -T7  6) , the  fracture 
surface  had  a ductile  fracture  appearance  (Figure  51)  while  the 
1%  Cu  alloy  (X7080-T76)  had  a brittle-like,  more  faceted  appear- 
ance (Figure  52). 

Figures  53  to  55  illustrate  the  difference  in  the  fracture 
appearance  of  the  T31  and  T86  tempers  in  the  2XXX  alloys.  The 
fracture  surface  of  the  T31  temper  had  striations  which  were  not 
sharp  and  readily  visible  (Figure  53).  On  the  other  hand,  the 
fracture  surface  of  the  T86  alloys  contained  sharp,  well-defined 
fatigue  striations  as  well  as  areas  that  appeared  to  contain  small 
microcracks  (Figure  54).  In  addition,  isolated  areas  on  the  fracture 
surface  (Figure  55)  contained  dimpled  regions  similar  to  that  found 
on  the  fracture  surface  of  tensile  specimens.  Examination  of  these 
areas  revealed  that  particles  were  not  associated  with  all  of  these 
dimpled  regions. 

Low  AK 

In  general,  the  fracture  surfaces  were  much  flatter  in  ap- 
pearance than  those  tested  at  higher  AK  levels  (Figures  56  to  62) . 

No  evidence  of  fatigue  striations  were  observed.  Using  the  nomen- 
clature established  by  Weber  and  Hertzberg [27] , the  fracture 
surfaces  could  be  characterized  as  consisting  primarily  of  plateau 
and  ridges  (Figures  56  to  59)  and  some  rumpled  surfaces  (Figures 
60  and  61).  Areas  were  also  observed  that  might  be  classified  as 
"cleavage-like"  (Figure  62).  Feeney,  ot  al.[28],  who  studied  the 
fracture  surface  of  2024-T3  and  7075-T6  tested  at  low  AK  levels 
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X7080  (hiCu)-T76 


Scanning  Electron  Micrograph  of  X7080  (hi  Cu)-T76  Having 
Ductile  Fracture  Surface. 
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Figure  52  Scanning  Electron  of  X7080-T76  Showing 
Faceted  Fracture  Surface 
- 102- 


aK=10  ksi>yirr 


HIGH  HUMIDITY 
AIR 


X7000-T76 


Figure  53  Fracture  Surface  of  2048-T31. 
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Fracture  Surface  of  2048-T31  Showing  Plateau  and 
Ridge  Fracture  Appearance. 
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Fracture  Surface  of  X7080-T76  Showing  Plateau  and 
Ridge  Fracture  Appearance 
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Fracture  Surface  of  7050-T76  Showing  in  Greater 
Detail  Plateau  and  Ridge  Fracture  Appearance. 


aK=3.0  Kc/iv-n. 
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Figure  59  Fracture  Surface  of  7050-T76  Showing  Plateau  and 
Ridge  Fracture  Appearance. 
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Figure  60  Fracture  Surface  of  2024-T31  Showing  Rumpled  Fracture 
Appearance. 
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Figure  61  Fracture  Surface  of  2048-T31  Showing  Rumpled  Fracture 
Appearance. 
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Figure  62  Fracture  Appearance  of  7050-T76  Showing  “Cleavage-Like 
Regions  Present  on  the  Fracture  Surface. 


found  that  the  most  common  fracture  mode  was  "stepwise"  growth. 
This  term  appears  to  be  synonymous  with  the  term  plateau  and 
ridges  used  by  Weber  and  Hertzberg.  Feeney,  et  al. , also  observed 
"cleavage-like"  fracture  areas  on  the  fracture  surface  of  these 
alloys. 

5.  DISCUSSION 

5.1  Microstructural  Effects 

5.1.1  Insoluble  Constituent  (Contains  Fe  and  Si) 

Decreasing  volume  fraction  of  insoluble  constituent  particles 
increased  energy  required  to  propagate  a crack  (UPE)  in  tear  tests 
of  all  materials.  However,  the  tabulation  below  indicates  that 
for  increases  in  UPE  less  than  about  300  in.-lb/in.^,  absolute 
level  of  toughness  attained,  not  the  magnitude  of  increase,  cor- 
related with  fatigue  performance. 
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Decreasing  volume  fraction  of  insoluble  constituent  for 
materials  which  had  UPE  values  below  about  500  in.-lb/in.^ 
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provided  a decrease  in  mean  fatigue  crack  growth  rate  at  high 
levels  of  AK.  Decreasing  volume  fraction  of  insoluble  constituent 
for  materials  which  already  had  values  of  UPE  above  this  level, 
however,  provided  no  further  improvement  in  average  crack  growth 
rate.  Apparently,  UPE  above  500  in. -lb/ in. ^ indicates  a level  of 
fracture  toughness  high  enough  where  benefits  of  decreasing  volume 
fraction  of  insoluble  constituent  containing  Fe  and  Si  could  not 
be  detected  at  intermediate  AK  levels.  Relationships  between  UPE 
and  fatigue  crack  propagation  performance  are  discussed  more  fully 
in  section  5.3. 

Fractography  indicated  that  failure  at  AK  of  15  ksi/TnT  and 
higher  occurred  largely  by  a ductile  rupture  mode  (Figure  43),  and 
that  constituent  particles  were  associated  with  the  dimples.  At 
AK  values  from  8 to  10  ksi/TnT,  however,  constituent  particles  had 
a smaller  effect  on  advancement  of  the  crack  front.  In  Figures 
46  and  47,  note  that  striations  are  locally  curved  near  the  particle, 
but  their  spacing  remains  essentially  the  same.  The  large  constitu- 
ent particles  may  also  initiate  new  "crack  fronts"  since  striations 
in  Figure  45  appear  to  emanate  from  the  particle,  but  because  the 
crack  is  advancing  on  various  levels  within  the  material,  the  overall 
effect  of  constituent  particles  on  macroscopic  growth  rate  is 
smaller  than  it  is  when  they  initiate  dimple  rupture.  In  addition, 
chemical  analyses  along  the  fracture  surface  (AK  ranging  from  8 to 
10  ksi/in. , Table  15)  showed  a concentration  of  constituent-forming 
elements  smaller  than  has  been  found  for  tensile  failures  [ 29] . 

This  result  indicates  that  the  tendency  was  not  as  great  for  the 
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MICROPROBE  ANALYSIS  OF  THE  FRACTURE  SURFACE  OP  SELECTED  STRUCTURES 

AK  = 8 to  10  ksl/ln. 
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fatigue  crack  to  seek  these  particles  during  its  advancement  at 
this  level  of  AK. 

5.1.2  Dispersoid 
5. 1.2.1  7XXX  Alloys 

In  7 050-T7 6-type  alloys  (Structures  1 to  3),  presence  of 
either  the  low  volume  fraction,  very  small,  coherent  ZrAl3  dis- 
persoids  or  the  greater  volume  fraction,  larger,  incoherent 
Al2oCu2Mn3  dispersoids  did  not  change  fatigue  crack  propagation 
rate.  In  fact,  combining  both  dispersoids  (Structure  2)  did  not 
change  fatigue  crack  growth  rate.  Moreover,  although  this 
investigation  did  not  compare  Zr  and  Cr  dispersoids  for  a given 
alloy,  Selines  and  Pelloux[30]  have  found  that  substituting  Zr 
for  Cr  in  a 7075  alloy  also  did  not  influence  the  crack  propaga- 
tion rate. 

Micrographs  of  the  fracture  surface  indicate  that  Al2oCu2Mn3 
dispersoid  acts  as  a very  small,  temporary  obstacle  to  the  advancing 
crack  front  (Figures  48  and  49).  Striation  spacing  is  only  locally 
affected  by  presence  of  dispersoid,  and  thus  overall  macroscopic 
crack  propagation  rate  would  not  change. 

Changing  size  and  spacing  of  Ali2Mg2Cr  dispersoid  did  not 
significantly  affect  predicted  fatigue  life.  However,  statistical 
analysis  using  Aa/AN  as  the  dependent  variable  in  the  Yates 
algorithm  indicated  that  there  was  an  interaction  among  morphology 
of  Cr  dispersoid,  volume  fraction  constituent,  and  AK.  At  high 
levels  of  AK,  7075-T6  (Structure  10,  higher  volume  fraction  con- 
stituent, noriTial  Ali2Mg2Cr  dispersoid)  gave  higher  crack  growth 
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rates  than  7075-T61  (Structure  9,  same  high  volume  fraction  con- 
stituent but  with  large,  widely  spaced  dispersoid  particles). 
However,  7475-T6  and  T61  (Structures  12  and  11  with  low  volume 
fraction  constituent)  showed  no  effect  of  dispersoid.  Since 
modifying  these  dispersoids  has  no  effect  on  strength,  these 
observations  suggest  that  size  and  spacing  of  Cr  dispersoids  alter 
fatigue  resistance  in  7XXX  alloys  by  their  effect  on  toughness. 

Only  where  toughness  was  low  (high  volume  fraction  constituent)  was 
the  effect  of  modifying  dispersoid  morphology  found  to  be  apparent 
(Figures  36  and  37). 

5. 1.2. 2 2XXX  Alloys 

In  2XXX  alloys,  increasing  volume  percent  of  Al2oCu2Mn3 
dispersoid  from  1.1  to  2.6  did  not  change  mean  crack  growth  rate 
at  any  level  of  AK  (Structures  16,  17,  20,  21  vs  14,  15,  18,  19). 
This  is  not  surprising  at  higher  AK  levels  because  changes  in 
volume  fraction  of  these  dispersoids  did  not  affect  fracture 
toughness  (Figures  38  and  39).  At  lower  AK  levels,  f ractographic 
studies  on  these  2XXX  alloys’ showed  that  the  Mn  dispersoid  behaves 
in  a manner  similar  to  that  observed  in  7XXX  alloys  by  arresting 
crack  advancement,  i.e.,  only  local,  temporary  obstacle  to  the 
crack  front. 

5.1.3  Grain  Size 

Although  the  larger  grain  size  studied  in  this  work  extended 
well  beyond  size  encountered  in  commercial  sheet  fabricated  from 
ingots,  crack  propagation  rates  were  not  significantly  changed. 
Fracture  appearance  of  Structures  3 and  8 (X7080 (hiCu)-T76)  are 
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in  general  identical  (Figure  50)  even  though  grain  size  varied  by 
a factor  of  20  in  the  longitudinal  direction  (direction  of  crack 
growth) , Figures  7 and  8.  Similar  observations  were  made  for 
Structures  9 and  13  (7075-T61). 

Investigators [3 , 31  and  32]  have  shown  that  in  materials  that 
deform  by  wavy- type  slip,  e.g. , pure  aluminum,  crack  growth  rate 
is  independent  of  grain  size.  In  materials  which  deform  by  planar 
slip  such  as  low  stacking  fault  energy  alloys  (Cu-Al),  fatigue 
crack  growth  is  grain  size  dependent.  Laird [31]  suggests  that 
this  grain  size  independence  in  wavy  slip  materials  is  due  to  the 
formation  of  subgrains  in  slip  bands  near  the  crack  tip  which 
help  transmit  the  slip  across  the  grain  boundaries.  In  planar 
slip  alloys,  Laird  indicates  that  these  subgrains  will  not  form, 
and,  consequently,  grain  boundaries  can  be  effective  barriers  to 
slip,  i.e.,  dislocations  pile  up  in  planar  arrays  at  the  boundary. 
Direct  observation  of  the  structure  adjacent  to  the  crack  tip  in 
2024-T3  and  7075-T6  by  Grosskreutz  and  Shaw [33]  shows  that  sub- 
grains do  form  in  these  materials  and  thus  lend  support  for 
Laird's  model  and  the  results  found  in  this  current  study.  Al- 
though these  results  show  no  effect  of  grain  size,  the  smallest 
grain  size  evaluated  was  orders  of  magnitude  greater  than  those 
produced  in  powder  metallurgy  7XXX  alloys  found  to  have  outstanding 
fatigue  crack  propagation  resistance [ 34 ] . 

5.1.4  Copper  Content 


5. 1.4.1  7XXX  Alloys 
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Increasing  Cu  content  from  1.0  to  2.3%  in  X7080-T7 6-type  alloys 
slightly  decreased  fatigue  crack  growth  rate  in  low  humidity  at 
intermediate  &K.  However,  increasing  the  Cu  content  significantly 
decreased  crack  growth  rate  in  high  humidity  air  at  intermediate 
AK.  Crack  growth  rates  in  high  humidity  converged  at  aK  of  about 
5 ksi> in. , and  below  4 ksi/in.  the  rates  of  the  low  Cu  alloy  were 
lower. 

Micrographs  of  fracture  surfaces  of  X7080-T76  tested  in  low 
and  high  humidity  air  at  intemediate  AK  indicate  that  in  moist 
environment  this  low  Cu  alloy  shows  signs  of  brittle-like  fracture 
facets  in  the  fracture  surface  (Figures  51  and  52),  whereas  in  low 
humidity  air  no  signs  of  these  facets  were  visible.  Alloy  X7080 
(hiCu)~T76,  tested  in  both  dry  and  moist  air,  exhibited  fracture 
surfaces  similar  to  X7080-T76  tested  in  low  humidity  air.  Hyatt 
and  Quist[35]  also'  found  evidence  of  brittle  fracture  in  low  Cu 
7XXX  alloys  tested  in  distilled  H2O.  Furthermore,  they  found  that, 
for  a given  Zn/Mg  ratio  in  7XXX  alloys,  Cu  content  of  2.00%  (the 
highest  studied)  was  optimum  for  resistance  to  fatigue  crack  growth. 

Additional  te^ts  are  needed  to  confirm  the  indication  that 
low  Cu  may  decrease  fatigue  crack  growth  rate  at  low  AK. 

5. 1.4. 2 2XXX  Alloys 

At  intermediate  levels  of  AK,  decreasing  Cu  content  from  4.2 
to  3.2%  (2124  to  2048)  increased  propagation  life  and  lowered 
crack  growth  rates  in  high  humidity  air  for  both  T31  and  T86 
tempers  (Structures  17,  21,  24,25).  In  low  humidity  air,  de- 
creasing Cu  increased  life  in  the  T86  temper,  but  results  of  low 
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humidity  test  for  the  T31  temper  were  variable.*  Because  of 
this  anomalous  behavior,  additional  tests  are  required  to  confirm 
effects  of  Cu  in  low  humidity  air.  The  high  performance  of  alloy 
2048  at  intermediate  AK  is  attributed  to  the  effect  of  reducing 
volume  fraction  constituent  of  CUAI2  and  Al2CuMg  constituent 
particles  which  increases  fracture  toughness  to  a greater  extent 
than  reducing  volume  fraction  of  insoluble  constituent  containing 
Fe  and  Si  (section  4.1).  See  section  5.3  for  further  discussion 
on  relationship  of  fatigue  crack  growth  performance  to  toughness. 

At  low  AK,  the  single  high  humidity  test  of  2048-T31  indicated 
that  growth  rate  was  lower  than  rates  of  2124-T31,  2024-T31,  and 
2124-T86.  Insensitivity  of  the  2024  alloy  base  (Cu  and  Mg)  to 
differences  in  volume  fraction  of  constituent  (Structure  16  vs  17) 
and  in  precipitate  morphology  (Structure  17  vs  21)  suggests  that 
the  advantage  of  2048-T31  (assuming  confirmation  in  additional 
tests)  is  due  to  differences  in  the  Cu  and  Mg  remaining  in  solid 
solution  after  aging.  These  differences  in  composition  of  solid 
solution  could  affect  low  AK  crack  growth  kinetics  in  the  presence 
of  moisture. 

5.1.5  Precipitate  Morphology 

5.1. 5.1  Intermediate  AK 

Observations  on  alloy  7050  structures  showed  that  fatigue 
performances  of  drastically  overaged  TX  tempers  (Structures  5,  6, 
and  7)  were  generally  superior  to  those  of  slightly  overaged  T76 

*The  variability  is  tentatively  attributed  to  the  large  effect  of 
small  differences  in  mositure  content  of  air  at  low  humidity  levels 
at  high  frequencies  observed  in  Al-Cu-Mg  alloys.  See  section 

5.2.1  and  Figure  67. 
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temper  (Structure  1)  possessing  higher  strength.  However,  com- 
paring fatigue  crack  propagation  performance  of  7050  alloy 
structures  possessing  comparable  strength,  namely,  7050-W 
(Structure  27)  with  TX  tempers  (Structures  5,  6,  and  7)  and  7050-T6 
(Structure  28)  with  7050-T76  (Structures  1 and  2)  indicates  that 
fatigue  crack  growth  resistance  cannot  be  wholly  correlated  with 
monotonic  yield  strength  (Figure  63). 

Relative  effects  of  precipitate  morphology  on  fatigue  crack 
growth  characteristics  of  7050  were  strongly  influenced  by  relative 
humidity.  Additional  discussion  of  interactions  of  precipitate 
structure  with  environment  for  7XXX  alloys  is  made  in  section  5.2.2. 

Observations  on  alloy  2024  structures  showed  that  T3  tempers 
(GP  zones)  in  2024-type  alloys  provided  lower  fatigue  crack  propa- 
gation rates  than  did  T8  tempers  (S'  precipitates).  However, 
supplementary  tests  of  overaged  2024-T8X  (Structure  26,  S'  pre- 
cipitate) again  demonstrated  that  higher  crack  propagation  of 
2024  structures  containing  S'  precipitate  cannot  be  correlated 
solely  with  monotonic  strength  (Figure  64). 

The  following  discussion  attempts  to  rationalize  better 
fatigue  crack  propagation  behavior  of  2X24-T3  (GP  zones)  relative 
to  that  of  2X24-T8  (S'  precipitates)  in  terms  of  strength  and 
ductility  parameters  local  to  the  crack  tip.  For  the  time  being, 
effects  of  environment  are  ignored  but,  as  will  be  indicated  by 
subsequent  discussion,  environment-enhanced  fatigue  crack  growth 
is  accentuated  when  ductility  is  low.  In  section  5.2.1,  effects 


of  environment  will  be  discussed  in  greater  depth,  and  interaction 
with  precipitate  morphology  will  be  addressed. 

Microdeformation  mechanisms  occurring  at  the  tip  of  a fatigue 
crack  are  not  well  known  nor  understood  because  of  experimental 
difficulties  in  observing  microstructure  in  the  extremely  localized 
deformation  region  at  the  crack  tip  (cyclic  plastic  zone)  and  the 
relatively  larger  monotonic  plastic  zone  extending  beyond  the 
cyclic  plastic  zone.  Consequently,  different  approaches  to  under- 
standing the  mechanisms  of  fatigue  crack  growth  have  resulted.  A 
direct  approach  is  to  observe  fatigue  substructure  adjacent  to  the 
crack  tip  and  on  its  flanks.  This  type  of  experim>ental  work  has 
been  quite  limited.  However,  some  investigators  using  transmission 
electron  microscopy  and  high  voltage  transmission  electron  micro- 
scopy [33,  36  to  39]  and  X-ray  m.icrobean  techniques  [40  and  41]  have 
observed  structures  within  these  regions.  Other  investigators  have 
take.n  the  approach  of  developing  mathematic  models  for  predicting 
crack  growth  behavior  based  on  concepts  of  dimensional  analysis, 
fracture  mechanics,  deformation  mechanics,  strain  control  fatigue, 
and  dislocation  theory.  Many  semiempirical  models  have  been  formu- 
lated using  test  data  to  derive  theoretical  relationships.  A 
number  of  fatigue  crack  propagation  theories  are  summarized  in  the 
following  ref erences [ 42  to  45]. 

Although  several  of  the  approaches  generally  ignored  other 
disciplines,  common  threads  are  apparent.  First,  and  most  important, 
is  that  microstructure  must  influence  crack  propagation.  This  has 
been  established  through  direct  observations  of  dislocation 
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substructure  as  well  as  through  mathematical  and  empirical  models 
showing  the  dependence  of  macroscopic  mechanical  properties  charac- 
terizing a material,  e.g.,  strength,  fracture  toughness,  strain 
hardening  coefficient,  etc.  Second,  there  is  a region  local  to 
the  crack  tip  which  has  undergone  plastic  strain,  the  magnitude  of 
which  increases  with  decreasing  distance  from  the  crack  tip. 

Adjacent  to  the  crack  and  totally  embedded  within  a larger  zone  of 
permanent  tensile  plastic  deformation,  there  is  a much  smaller  volume 
of  material  which  experiences  fully  reversed  plastic  strains  of 
considerable  intensity [4 6] . Third,  cyclic  strain  history  at  further 
distances  from  the  crack  tip  may  be  important  (even  though  sub- 
structure produced  at  these  low  strains  may  be  unstable  in  the  high 
damage  region  adjacent  to  the  crack  tip)  because  rate  of  cyclic 
strengthening  is  a function  of  microstructure  and  plastic  strain 
amplitude[47  and  48].  Fourth,  magnitude  and  characteristics  of 
plastic  deformation  at  the  tip  of  a notch  root  control  residual 
stresses  near  the  tip  (e.g.,  crack  closure(49])  and,  moreover,  in 
an  aggressive  environment  can  accelerate  localized  dissolution  or 

■ hydrogen  embrittlement  leading  to  acceleration  of  crack  growth [50]. 

» 

t Two  parameters  appear  to  characterize  the  foregoing  observa- 
tions. They  are:  a,  some  measure  of  the  material  strength  and 

£*,  some  ductility  parameter (s)  which  reflect  ability  of  the 
structure  to  distribute  high  strains  in  the  crack  tip  region. 
Pelloux[42]  and  others [50]  have  used  these  parameters  to  predict 
crack  growth  rate  in  terms  of  the  crack  tip  opening  displacement 


(CTOD)  and  ductility.  The  CTOD  models  are  generally  expressed  in 
the  form[42] ; 

^3.  = i . CTOD  • ^ ^ ^ 

dN  2 ductility  8itE  a*e* 

Donahue,  et  al. [51] , use  a modified  AK  term  to  account  for  the 
existence  of  a threshold,  AK^^^,  and  others  [52]  have  included  a 
fracture  toughness  term  or  K^)  as  part  of  the  ductility  para- 

meter. In  Weertman's  model[53  and  54],  the  exponent  on  AK  is 
equal  to  four,  the  a term  is  squared,  and  e*  is  replace  by  U,  the 
energy  to  propagate  a fatigue  crack  per  unit  area.  Regardless  of 
modifications  by  various  investigators,  however,  all  models  of 
this  type  predict  that  product  of  strength  (a)  and  ductility  or 
toughness  (e*)  must  be  maximized  to  minimize  crack  growth. 

Mean  calculated  fatigue  lives  of  2XXX-type  alloy  structures 

were  found  to  correlate  well  with  log  UPE  (a  measure  of  fracture 

toughness,  refer  to  section  5.3  and  Figure  65).  However,  as  noted 

earlier  (Figure  63),  crack  propagation  performance  cannot  be  solely 

; correlated  with  monotonic  yield  strength  though  fracture  toughness 

i 

* increase  is  generally  accompanied  by  strength  decrease.  Pelloux 

( 

[42]  has  suggested  that  strength  of  the  material  (0)  in  the  above 
expression  should  be  the  flow  stress  of  material  near  the  cyclically 
work-hardened  plastic  zone  rather  than  monotonic  or  cyclic  yield 
strength.  Use  of  flow  stress  (a)  in  the  above  expression  is 
important  since  fully  reversed  constant  strain  amplitude  controlled 
fatigue  tests  on  naturally  aged  2024  indicate  that  this  material 
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Figure  65  Relationship  Between  Fatigue  Crack  Propagation  Performance 
and  Fracture  Toughness  for  2XXX  and  7XXX  Sheet  Alloys. 


has  a high  capacity  to  cyclically  strain  harden.  Tests  by  Endo  and 
Morrow[55]  have  shown  that,  at  7.25%  fully  reversed  plastic  strain, 
2024-T4*  develops  a flow  stress  of  95  ksi  (monotonic  yield  strength, 
44  ksi).  Moreover,  comparable  strain  controlled  fatigue  tests 
demonstrated  that  2024  can  either  strain  harden  or  soften,  depending 
on  temper.  Cyclic  stress-strain  curves  (Figure  66)  for  2024-T351* 
[47]  and  2024-T851* [ 56]  after  one  cycle  and  after  saturation  of 
half-life  (no  further  change  in  peak  stress  with  increased  number 
of  cycles  at  constant  strain  amplitude)  demonstrate  that  2024-T351 
develops  a much  higher  cyclic  flow  stress  than  2024-T851.  Based 
on  Pelloux's  expression,  fatigue  crack  growth  rate  would  be  lower 
for  T3  tempers  (increase  in  o gives  decrease  in  ^) . In  addition, 

T3  tempers  provide  higher  ductility  than  T8  tempers  as  measured  by 
conventional  tests  such  as  fracture  toughness,  tensile  tests,  etc. 
Consequently,  it  can  be  rationalized  that  T3  tempers  with  better 
combinations  of  cyclic  flow  strength  and  ductility  should  give  a 
lower  fatigue  crack  propagation  rate. 

Spot  tests  of  the  response  of  the  2024-T8X  (Structure  26)  to 
strain-control  fatigue  were  also  performed [ 56] . The  results 
(Figure  66)  established  that  precipitate  nature,  not  level  of 
monotonic  yield  strength,  determined  the  magnitude  of  the  cyclic 
response.  Alloy  2024  aged  to  develop  S'  precipitate  and  a low 
level  of  monotonic  yield  strength  cyclically  hardened  to  a much 
lesser  extent  than  did  2024  aged  to  develop  GP  zones. 

^The  differences  among  2024-T4,  T31,  and  T351  are  ir.  he  amount  of 
stretch  after  quenching.  The  amounts  are  0,  1%,  and  i-1/2  to  3%, 
respectively.  2024-T851  is  obtained  by  aging  2024-T351  eight  hours 
at  375°F. 
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In  suiTunary,  the  superior  fatigue  crack  growth  performance  at 
intermediate  AK  of  2024  in  T3  tempers  relative  to  performance  in 
T8  tempers  is  attributed  in  part  to  ability  of  GP  zones  to  promote 
higher  degree  of  cyclic  hardening  (increases  o in  above  crack 
growth  relationship)  and  confer  higher  ductility  or  toughness 
( increases  e* ) . The  fracture  toughness  aspect  is  covered  in  greater 
detail  in  section  5.3. 

5.1. 5.2  Low  AK 

Although  the  T31  temper  (GP  zones)  produced  generally  lower 
crack  growth  rates  than  the  T86  tempers,  the  difference  in  crack 
growth  rate  between  the  two  dim.inished  with  decreasing  aK  until 
convergence  at  an  approximate  AK  level  of  2.5  ksi /in . Convergence 
of  crack  growth  rates  at  low  AK  levels  (only  tested  in  high 
humidity  air)  is  attributed  to  a dominant  similarity  ir  the 
environment-enhanced  fatigue  mechanisms  of  both  tempers  at  low 
AK  where  the  fracture  toughness  influence  is  removed.  This 
mechanism  is  discussed  in  greater  detail  in  section  5.2.  Simi- 
larity in  low  AK  fatigue  crack  propagation  response  of  aluminum 
alloys  in  aggressive  environments  has  been  noted  by  other 
researchers [28] . The  temper-environment  interaction  is  discussed 
in  greater  detail  in  section  5.2. 

Fractographic  studies  provide  some  evidence  that  cracking  in 
low  AK  levels  was  controlled,  at  least  in  part,  by  environment 
(Figures  56  to  62).  The  fracture  surface  appearance  of  these  alloys 
consisted  of  ridges  and  plateaus,  areas  containing  rumpled  surfaces, 
and  "cleavage-like"  fracture  regions.  The  exact  nature  of  the 
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formation  of  these  complex  fracture  surfaces  is  not  well  under- 
stood. Due  to  the  variety  of  fracture  modes  compared  to  the 
striation  mode  that  is  present  on  the  fracture  surface  at  higher 
AK  levels,  modeling  the  fatigue  process  is  extremely  difficult. 

For  example,  with  the  plateau  and  ridge  morphology,  the  individual 
steps  do  not  represent  the  local  increments  of  crack  growth  per 
cycle  since  the  spacing  of  these  plateaus  is  much  larger  than  the 
local  extension  per  cycle.  Because  average  crack  growth  per  cycle 
at  AK  below  about  3 ksi/in.  is  less  than  the  distance  between 
atomic  planes,  crack  growth  must  be  a discontinuous  process. 

Areas  referred  to  as  rumpled  surfaces  are  apparent  on  some 
of  the  fracture  surfaces  (Figures  60  and  61).  These  areas  were 
relatively  flat  and  do  not  have  any  unique  characteristics, 
although  they  appeared  to  be  more  prevalent  in  the  2XXX-T3 
structures.  The  origin  of  these  fracture  areas  is  not  known. 

"Cleavage-like"  regions  on  the  fatigue  fracture  surfaces  have 
been  reported  by  Forsyth [57]  and  others [58]  in  smooth  fatigue  test 
specimens.  These  cleavage  regions  occurred  in  the  transition 
region  from  Stage  I to  Stage  II  crack  growth  and  were  associated 
with  the  crack  changing  from  a shearing  mode  to  a tensile  mode 
during  which  the  crack  propagates  along  crystallographic  planes. 

When  the  tensile  component  becomes  predominant,  the  general  fracture 
plane  becomes  normal  to  this  tensile  stress  and  Stage  II  (non- 
crystallographic)  growth  occurs.  Feeney,  et  al.[28],  suggest  that 
the  fracture  surfaces  of  2024-T3  and  7075-T6  tested  at  low  AK 
levels  were  similar  to  these  fracture  features  observed  in  this 


transition  region  between  Stages  I and  II.  In  addition,  using 
etch  pitting  techniques,  Feeney,  et  al.,  found  that  these  cleavage- 
like regions  were  of  the  (001)  orientation. 
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Hertzberg  and  Mills [59]  support  a theory  of  slip  plane 
decohesion  for  the  cleavage-like  regions.  Beachem  and  Meyn[60] 
suggested  this  theory  to  account  for  the  fracture  appearance  of 
Stage  I growth.  With  this  mechanism,  reversed  slip  on  a limited 
number  of  slip  planes  in  front  of  the  crack  tip  lowers  cohesion 
strength  of  the  material  and,  since  some  tensile  component  of  the 
stress  is  always  present,  the  material  can  fail  by  local  tensile 
separation.  This  process  would  give  a crystallographic  appearance 
showing  no  signs  of  deformation  and  would  also  be  similar  to  that 
of  cleavage  failure  found  by  Feeney,  et  al. [28]  and  Santner  and 
Fine[61].  Of  course,  the  fracture  plane  in  this  case  would  be 
the  (111). 

In  summary,  for  low  aK  crack  grow’th,  the  exact  mechanism  of 
formation  of  cleavage-like  regions  is  not  known,  but  appears  to 
be  associated  with  Stage  I and/or  the  transition  from  Stage  I to 
Stage  II  crack  growth.  The  exact  role  of  environment  is  unknovvn 
but  appears  to  play  an  important  role  in  fatigue  process. 

5.1.6  Dislocation  Density 

Increasing  the  initial  dislocation  density  by  increasing  the 
amount  of  stretch  after  quenching  from  1 to  5%  decreased  the  pre- 
dicted life  of  2024  in  T8  tempers.  Crack  growth  analysis  indicated 
that  the  decrease  in  life  was  due  to  an  increase  in  crack  propa- 
gation rate  at  high  levels  of  AK.  The  decrease  in  crack  growth 
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rate  with  an  increase  in  percent  stretch  is  attributed,  at  least 

/ 

in  part,  to  a decrease  in  fracture  toughness  (Figures  38  and  39) 
and  ductility.  Effects  of  stretching  on  cyclic  strength  are 
unknown,  so  potential  effects  cannot  be  assessed. 

5.2  Environment  and  Test  Frequency 

Environment  affected  crack  propagation  rates  in  all  2XXX  and 
7XXX  structures,  and  frequency  affected  crack  propagation  of  all 
2XXX  and  most  7XXX  structures.  Moisture  content  of  the  air  had 
a direct  effect  on  crack  propagation  rate  while  frequency  effects 
were  observed  through  interaction  with  the  test  environment.  The 
significant  influence  of  water  or  water  vapor  on  fatigue  crack 
growth  of  aluminum  alloys  has  been  recorded  in  previous  investiga- 
tions[22,  62,  and  63].  The  effect  depends  upon  partial  pressure 
of  water  vapor  in  the  atmosphere  and  exhibits  a stepped  transition 
that  depends  strongly  on  material,  test  frequency,  and  stress 
intensity  level [64  to  68],  Figure  67.  As  illustrated,  the  relation- 
ship between  log  crack  growth  rate  and  log  water  vapor  was 
sigmoidal.  With  initial  increases  in  moisture  content,  no  effect 
was  detected.  Beginning  at  a moisture  content  which  depended  on 
test  frequency  and  stress  intensity,  crack  growth  rate  increased 
steeply  with  further  increases  in  moisture  content.  This  rapid 
increase  ceased  at  a higher  moisture  content  which  also  depended 
on  frequency  and  AK  level.  Little  further  increase  in  crack  growth 
rate  was  observed  with  increases  in  mositure  content  (upper 
plateau).  It  is  worthy  to  note  that  both  the  Al-Cu-Mg  alloy  of 
Figure  67,  top,  and  the  7075-type  alloy  of  Figure  67,  bottom,  when 
tested  at  frequencies  on  the  order  of  60  to  100  Hz,  exhibit  their 
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Figure  67  Effects  of  Moisture  Content  on  Fatigue  Crack  Growth 
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respective  moisture  related  growth  rate  transition  over  a relative 
humidity  range  of  2 to  10%,  which  corresponds  to  the  low  humidity 
environment  considered  in  this  study.  Thus,  at  fast  frequencies, 
greater  variability  in  crack  growth  rate  response  in  low  humidity 
environment  would  be  expected  because  of  inability  to  precisely 
control  humidity  levels  within  the  transition  range.  Either 
lowering  frequency  (Figure  67,  top)  or  increasing  moisture  content 
beyond  about  20%  locates  crack  growth  rate  on  the  upper  plateau, 
thereby  reducing  sensitivity  of  crack  growth  rate  response  to  small 
changes  in  humidity. 

5.2.1  2XXX  Alloys 

In  this  investigation,  no  significant  frequency  effects  were 
observed  in  high  humidity  environment  (corresponds  to  crack  growth 
behavior  on  upper  plateau).  At  low  humidity,  a test  frequency  of 
20  Hz  produced  significantly  lower  crack  growth  rates  than  did 
2 Hz  (Figure  68).  Lines  through  data  points  on  this  figure  were 
drawn  to  represent  the  upper  plateau  and  onset  of  growth  rate 
transition  with  decreasing  moisture  content.  Sensitivity  to 
frequency  in  low  humidity  environments  indicates  that  water  vapor 
partial  pressures  were  sufficient  to  cause  environmental  effects. 
Faster  crack  growth  with  decreasing  frequency  in  the  transition 
regions  is  attributed  to  increase  in  available  reaction  time  of 
water  with  fresh  metal  at  slower  frequency. 

Statistical  analysis  confirmed  an  interaction  between  environ- 
ment and  temper.  Greater  divergence  in  growth  rates  between  T86 
and  T31  tempers  occurred  at  low  humidity.  As  suggested  by  the 
AK  = 6 ksi/in.  curves  of  Figure  68,  the  magnitude  of  the  disparity 
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Figure  68  Effect  of  Frequency  and  Environment  on  Fatigue  Crack 
Growth  Rate  of  2X24-T31  and  T86  Tempers.  Each  Data 
Point  Represents  Averaged  Growth  Rate  from  Four  Structures 
T31  (14,15.16,17.)  and  T86  (18.19,20.21,). 
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between  T31  and  T86  growth  rates  at  low  humidity  can  be  influenced 
by  frequency  and  its  relationship  to  the  moisture  content 
transition. 

Several  investigations  have  suggested  that  the  effectiveness 
of  corrosion  mechanisms  operating  at  the  tip  of  a propagating 
fatigue  crack  are  related  to  the  material's  strength-ductility 
combination  and  the  degree  of  material  constraint  (plane  strain) 
in  the  near  crack  tip  vicinity[28,  62,  and  63].  In  general,  it 
has  been  shown  that  effectiveness  of  crack  tip  embrittling  mechan- 
isms are  enhanced  when  material  is  in  a highly  constrained  state 
(plane  strain)  and  they  are  reduced  with  increasing  AK  levels  as 
the  fracture  mode  transforms  from  one  of  plane  strain  to  plane 
stress.  Because  strength  and  ductility  are  important  in  controlling 
the  degree  of  material  constraint  at  the  crack  tip,  the  better 
strength-ductility  combination  of  the  T31  temper  renders  this  temper 
less  susceptible  to  interaction  with  environment  than  the  T86  temper 
at  high  and  intermediate  K levels.  At  low  AK  where  the  influence 
of  toughness  is  removed,  both  T86  and  T31  tempers  are  subject  to 
a high  degree  of  material  constraint  (plane  strain)  and  controlling 
environmental  and  mechanical  fatigue  components  become  similar. 
Therefore,  growth  rates  for  both  tempers  tend  to  converge, 

5.2.2  7XXX  Alloys 

^ An  interaction  between  degree  of  precipitation  and  environ- 
ment was  noted  for  the  alloy  7050  structures.  Mean  lives,  averaged 
over  2 and  20  Hz,  generally  increased  progressively  with  increasing 
degree  of  precipitation  (Structure  27  to  28  to  1 to  5 to  7 to  6) 
when  tested  in  either  low  or  high  humidity  environment  (Figure  63). 
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In  the  low  humidity  environment,  the  rate  of  increase  in  life  was 
slight  when  progressing  from  Structure  27  (GP  zones),  to  Structure 
5 (S,  S',  n' , n ) • As  precipitate  size  increased  (Structure  5 to 
7 to  6),  life  increased  at  a higher  rate.  The  rate  of  increase 
in  life  when  progressing  from  Structure  27  to  5 was  higher  in  the 
high  humidity  environment.  The  lives  of  Structures  7 and  6 were 
both  appreciably  higher  than  life  of  Structure  5.  As  with  2XXX 
alloys,  crack  growth  rate  analysis  indicated  an  increased  level  of 
environmental  interaction  with  decreasing  AK,  and  growth  rates 
converged  at  low  AK  levels.  The  magnitude  of  the  environmental 
interaction  with  growth  rate  does  not  appear  to  correlate  with 
either  yield  strength  or  a m.easure  of  the  ductility  (e.g.  , UPE  or 
NTS/YS) . However,  intermediate  AK  results  do  correlate  with  past 
observations  that  resistance  to  stress-corrosion  cracking  of  7XXX 
alloys  containing  Cu  generally  increase  with  increasing  degree  of 
precipitation. 

Frequency  effects  for  the  7XXX-T6  and  T7 6 alloys  in  low 
humidity  air  were  lower  in  magnitude  but  generally  similar  to  the 

\ : 

direction  noted  for  2024-T31  in  low  humidity.  The  higher  fre- 

I 

F quency,  20  Hz,  gave  som.ewhat  lower  crack  propagation  rates.  This 

I ( 

can  be  explained  on  the  premise  that  the  greater  crack  tip 

' velocity  at  the  higher  frequency  allows  the  mechanical  component 

of  fatigue  to  outpace  the  environmental  interaction  mechanism.  At 

' 2 Hz  with  lower  resultant  crack  tip  velocity,  additional  time  is 

available  per  cycle  for  environment  interaction  to  take  place. 

r 
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An  opposite  effect  in  high  humidity  air  was  noted  for  the 
7XXX-T6  and  T76  alloys.  The  2 Hz  crack  propagation  rates  were 
consistently  lower  than  20  Hz  rates.  It  is  hypothesized  that  the 
reversed  effect  of  frequency  is  related  to  the  "critical  frequency 
effect"  observed  when  testing  in  hostile  environments  by  Bucci[69] 
on  a titanium  alloy  and  others [70  and  71]  on  steel  alloys.  These 
investigators  all  observed  that  when  testing  their  particular 
alloy-environment  combination  at  stress  intensity  levels  below 
K,  * (a  threshold  stress  intensity  below  which  a crack  will  not 
grow  by  stress  corrosion  when  subject  to  a sustained  load) , a 
"critical"  frequency  is  achieved  where  the  interaction  of  cyclic 
loading  and  environment  on  -rack  growth  rate  is  maximized.  At 
frequencies  above  "critical"  the  frequency-environment  interaction 
follows  the  previously  postulated  pattern.  However,  at  cyclic 
loading  rates  less  than  "critical,"  the  fatigue  environment  inter- 
action is  suppressed.  For  the  limiting  case  of  zero  frequency 
(sustained  load  test),  environmental  effects  must  be  nonexistent 
for  stress  intensities  below 

Iscc 

Factors  that  control  the  critical  frequency  are  related  to 
the  particular  environment/strength-ductility  comibinations  of  the 
metal,  the  K,.  level,  and  the  kinetics  of  the  crack  tip-environ- 
ment  interaction.  Crack  growth  kinetics  may  include  blunting  of 

*K,  values  in  the  T-L  orientation  of  25  and  29  ksiv'in.  for 
Iscc 

7075-T651  and  7050-T73651  plate,  respectively,  have  been 
reported [72] . For  both  materials  in  plate  form,  is 

quite  close  to  their  respective  levels. 
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the  crack  tip  by  chemical  erosion  and/or  buildup  of  residue  of 
corrosion  by-product  on  the  fracture  surfaces,  thereby  increasing 
crack  closure  forces [49].  The  latter  two  mechanisms  would  tend  to 
retard  crack  grovjth  with  a slower  rate  of  cyclic  loading  (slower 
crack  velocity) . Kinetics  of  the  environmental  interaction  with 
crack  growth  of  the  7050  alloys  aged  under  other  conditions  are 
apparently  different  enough  to  alter  the  "critical"  rate  of  loading. 

Ideally,  the  evaluation  of  alloy  fatigue  crack  propagation 

performance  should  be  carried  out  at  the  critical  frequency 

(worst  case) . For  this  reason,  a further  understanding  of  the 

nature  and  mechanisms  of  frequency-environment  interaction  of 

aluminum  alloy  is  recommended  (refer  to  section  7 on  Future  Work) . 

5.3  Relationship  Between  Mechanical  Properties  and  Fatigue 
Crack  Propagation  Performance 

Mean  predicted  propagation  life  (averaged  for  both  humidity 
levels  and  test  frequencies  at  AK  = 6 to  15  ksi > in. ) are  plotted 
versus  transverse  monotonic  yield  strength  and  log  unit  propagation 
energy  (UPE) , a fracture  toughness  index,  in  Figures  69  and  65, 
respectively.  Values  for  the  2X24  alloys  with  low  and  high  Mn  were 
averaged. 

Considering  2XXX  alloys  initially,  propagation  life  did  not 
correlate  well  with  yield  strength,  although  mean  life  of  alloy 
2024  decreased  linearly  as  strength  increased  progressively  from 
T31,  T36,  T81,  to  T86  tempers.  Life  of  sheet  in  the  nonstandard 
T8X  temper,  however,  was  substantially  below  that  of  sheet  in  the 
T36  temper,  although  yield  strengths  were  comparable.  In  addition, 
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mean  lives  of  2048  were  superior  to  lives  of  2024  while  2124-T86 
was  superior  to  that  of  2024-T86. 

Mean  lives  of  the  2XXX  alloys  did  correlate  with  log  UPE.  As 
indicated  in  Figure  65,  log  UPE  is  roughly  proportional  to  K^.+ 

Because  of  this  relationship,  increasing  UPE  of  2XXX  alloy  from 
100  to  200  in. -lb/ in. 2 increases  by  about  15  ksi/in. , and  cor- 
relates with  an  increase  in  life  of  about  30,000  cycles  (v30%).  In 
contrast,  increasing  UPE  from  700  to  800  in.-lb/in.^  increases 
by  about  3 ksi/in.  and  correlates  with  an  increase  in  life  of  less 
than  10,000  cycles  (v5%) . This  relationship  explains  why  small 
increases  in  UPE  of  low  toughness  materials  (2024-T86  vs  2124-T86) 
provided  increases  in  life  which  were  readily  detectable,  while 
somewhat  larger  increases  in  UPE  of  higher  toughness  materials 

(2024-T31  vs  2124-T31)  provided  no  detectable  effect  on  life.  ' 

To  explain  why  life  correlates  so  well  with  UPE  regardless  of 
monotonic  yield  strength,  consider  the  hypothesis  posed  in  section 
5.1.5  that  the  product  of  a,  a measure  of  strength,  and  e*,  a 
measure  of  ductility  or  toughness,  must  be  maximized  to  reduce 
crack  propagation  rate.  Also,  recall  that  high  toughness  structures 
with  GP  zones  (T3  tempers)  cyclically  hardened  to  a higher  degree 
than  lower  toughness  structures  with  S'  precipitate  (T8  tempers). 

Increases  of  cyclic  strength  and  toughness  may  be  related  to 
increases  in  a and  e*,  respectively,  in  the  crack  growth  rate 
relationship.  These  observations  strongly  indicate  that  mean  life 

I tObtained  by  replotting  data  for  0.063  inch  panels  in  Figure  19  of 

\ Reference  [73] . 
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of  2XXX  alloys  correlate  well  with  log  UPE  because  toughness,  e* , 
and  strength  at  the  crack,  tip,  o,  increase  simultaneously. 

In  7XXX  alloys,  no  pattern  relating  mean  life  to  either  mono- 
tonic yield  strength  (Figure  65)  or  to  log  UPE  (Figures  63  and  69) 
was  detected.  The  lack  of  correlation  of  crack  propagation  per- 
formance with  monotonic  strength  was  discussed  previously  in 
section  5.1. 5.1.  Absence  of  correlation  of  log  UPE  with  mean  life 
of  7XXX  alloys  suggests  that  other  factors  override  (cancel)  a 
possible  correlation  involving  UPE,  e.g. , a and  e*  may  not  increase 
simultaneously.  Moreover,  effects  of  environment  on  strength- 
ductility  relationship  are  a greater  factor  in  7XXX  alloys  (com.pare 
Figure  67,  top,  with  67,  bottom). 

Therefore,  lack  of  correlation  between  log  UPE  and  m.ean  life 
of  7XXX  alloys  may  be  due  to  major  differences  in  sensitivity  to 
moisture,  to  differences  in  rate  of  cyclic  straii  hardening,  or  to 
the  smaller  range  in  UPE  evaluated. 

Although  mean  life  of  2XXX  alloy  correlated  with  log  UPE  (and 
probably  with  K^) , it  should  be  emphasized  that  conclusions  which 
attempt  to  quantify  the  role  of  fracture  toughness  on  fatigue  crack 
growth  in  this  investigation  apply  to  alloys  tested  in  sheet  gauge 
(nominal  1/16  inch  thickness) . The  thickness  interactions  with  non- 
plane-strain critical  stress  intensity,  K^,  has  been  reported  pre- 
viously [74].  Critical  levels  of  fracture  toughness,  K^,  developed 
for  7XXX  and  2XXX  alloys  in  1/16  inch  gauges  lie  well  above 
22.5  ksi /in. , the  maximum  cyclic  stress  intensity,  K , at 


I 
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AK  = 15  ksi/in. , R = 1/3.*  For  thick  test  sections  where  crack  tip 
stress  state  is  predominantly  one  of  plane-strain,  critical  stress 
intensity  levels  {viz,  a fracture  toughness  lower  bound)  for 

high  strength  aluminum  alloys  approach  highest  values  of  con- 

sidered in  this  investigation.  Thus,  it  would  be  expected  that 
crack  growth  rate  at  high  and  intermediate  aK  would  show  greater 
sensitivity  to  alloy  fracture  toughness  with  increasing  test  section 
thickness.  In  this  investigation,  thickness  was  controlled,  so 
unnecessary  confounding  of  microstructure's  influence  on  fracture 
toughness  versus  fatigue  resistance  was  removed.  Therefore, 
qualitative  interpretation  of  results  of  the  investigation  on  the 
role  of  microstructure  to  fatigue  crack  growth  resistance  should 
apply  over  a much  greater  range  of  product  thickness. 

6.  CONCLUSIONS 

Table  16  to  18**  summarize  the  effects  of  microstrcutral  and 
testing  variants  on  fatigue  crack  propagation  rate  of  high-strength, 
precipitation-hardenable  aluminum  alloys  in  sheet  gauges  (nominal 
0.06  and  0.09  inch  thickness).  All  were  subjected  to  constant 
amplitude  fatigue  loading  at  a stress  ratio  of  1/3.  Conclusions 
regarding  interpretations  of  these  effects  were  formulated  by  con- 
sidering metallurgical,  mechanical,  and  environmental  influences. 
Validity  of  effects  was  established  by  visual  comparison  of  da/dN 
vs  AK  data,  statistical  and  visual  analysis  of  da/dN  at  discrete 
values  of  AK,  and  statistical  and  visual  analysis  of  calculated 
numbers  of  cycles  to  advance  a crack  a certain  length  (life) 

'*  K^^^  = AK/  (1-R)  = 1.5  AK,  when  R = 1/3. 

**  Identical  to  Tables  1,  2,  and  3;  repeated  for  reader's  convenience. 
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The  major  conclusions  are  listed  below: 

1.  Strength  after  cyclic  loading,  toughness  or  ductility,  and 
resistance  to  environment  are  the  three  main  material 
properties  which  influence  fatigue  crack  propagation  behavior 
of  ingot  metallurgy  2XXX  and  7XXX  aluminum  alloys  at  AK 
levels  of  about  4 ksi/in.  and  higher.  Chemical  composition, 
volume  fraction,  type,  and  morphology  of  strengthening 
precipitate  and  constituent  particles  along  with  dis- 
location density  determine  the  magnitude  of  these  properties. 

2.  Alloy  2024  in  T3  tempers  has  superior  fatigue  crack  pro- 
pagation resistance  compared  to  its  resistance  in  T8 
tempers  because  GP  zones  confer  high  ductility  (toughness) 
and  promote  a high  cyclic  hardening  rate  while  S'  pre- 
cipitates confer  low  ductility  and  promote  a low  cyclic 
strain  hardening  rate.  The  favorable  strength-ductility 
combination  of  the  T3  temper  makes  it  less  susceptible 

to  acceleration  of  fatigue  crack  growth  rate  in  the 
presence  of  moisture  at  high  and  intermediate  levels  of 
AK,  even  at  about  5%  relative  humidity. 

3.  Increasing  toughness  of  7075-T6  and  2024-T86  by  decreasing 
volume  fraction  of  insoluble  constituent  particles  (7075 
and  2024),  modifying  dispersoids  (7075),  and  decreasing 
dislocation  density  (2024)  decreases  fatigue  crack  growth 
rate  by  increasing  their  limited  ability  to  accommodate 
plastic  strain  before  fracture.  Increasing  toughness  of 
7475-T6  by  modifying  dispersoids  and  of  2024  in  T3  tempers 
by  decreasing  volume  fraction  of  constituent  particles  or 
decreasing  dislocation  density  has  little  or  no  effect 
because  their  ability  to  accommodate  plastic  strain  is 
much  higher. 

4.  The  progressive  improvement  in  fatigue  crack  propagation 
characteristics  of  7050-type  alloys  (intermediate  AK)  as 
degree  of  precipitation  increases  from  underaged  to  over- 
aged and  as  Cu  content  increases  from  1 to  2.3%  arises 
from  a progressive  increase  in  resistance  to  degradation 
from  moisture  content.  Lower  Cu  content  offered  improved 
fatigue  crack  growth  resistance  at  AK  less  than  4 ksi/in. 

This  latter  result  needs  further  verification. 

5.  Reduced  Cu  content  (alloy  2048)  provided  improved  fatigue 
crack  propagation  resistance  over  that  of  alloys  2124  and 
2024.  Benefit  of  low  Cu  at  intermediate  AK  is  attributed 
to  increased  fracture  toughness  because  of  a reduction  in 
CUAI2  and  Al2CuMg  constituents.  Benefit  of  lower  Cu  content 
at  low  AK  needs  further  verification  and  additional  analysis 
to  develop  a rational  hypothesis  for  this  behavior. 
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The  insensitivity  of  fatigue  crack  growth  rate  to  micro- 
structure in  high  humidity  air  at  levels  of  aK  below  about 
3 ksi/in.  and  the  f ractographic  evidence  of  discontinuous 
growth  suggests  that  properties  of  the  solid  solution 
(affected  mainly  by  precipitation  heat  treatment  practice) 
control  the  fatigue  process  of  aluminum  alloys  under  these 
conditions  of  high  restraint  in  an  aggressive  environment. 

7.  Grain  size  from  5 to  65,000  grains  per  mm^  had  no  effect  on 
crack  growth  rate  in  peak  and  overaged  7XXX  alloys. 

8.  Interaction  of  test  frequency  with  environment  was  noted  in 
2XXX  and  some  7XXX  alloys.  The  largest  effects  of  frequency 
for  2XXX  alloys  were  noted  in  lov;  humidity  environment  where 
crack  growth  rate  was  increased  by  decreasing  frequencey  from 
20  to  2 Hz.  Faster  crack  growth  with  decreasing  frequency 
was  attributed  to  increase  in  available  reaction  time  of 
water  with  fresh  metal.  For  some  7XXX-T6  and  T76,  fatigue 
crack  propagation  rates  in  high  humidity  air  decreased  with 
frequency  decrease.  This  was  attributed  to  increased  timie 

at  slower  frequency  for  corrosion  reactions  to  retard  crack 
growth  (e.g.,  blunting  of  crack  tip  by  chemical  erosion) 
for  these  alloys.  Consequently,  frequency  and  environmental 
effects  must  be  considered  when  ranking  alloys  and  tempers 
which  do  not  exhibit  gross  differences  in  crack  growth 
behavior . 

The  following  conclusion  is  based  on  the  work  presented  in 

Appendix  A,  Fatigue  Crack  Initiation  Resistance: 

Microstructural  changes  which  improve  resistance  to  fatigue 
crack  propagation  do  not  strongly  affect  resistance  to 
fatigue  crack  initiation. 

7.  RECOMMENDED  FUTURE  WORK 

Metallurgical,  mechanical,  and  environmental  influences  were 
considered  in  this  work  to  formulate  conclusions  regarding  the 
role  of  microstructure  on  fatigue  crack  propagation  rate  of  high- 
strength  2XXX  and  7XXX  aluminum  alloys. 

The  observation  that  grain  size  had  no  effect  must  be  tempered 
with  the  realization  that  powder  metallurgy  (P/M)  techniques  can 
provide  a grain  size  that  is  orders  of  magnitude  finer  than  the 
smallest  evaluated  in  this  investigation.  This  ultrafine  grain 
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size  in  P/M  products  may  be  at  least  part  of  the  reason  for  the 
promising  performance  of  7XXX  P/M  alloys  at  low  to  intermediate 
regions  of  AK[34].  Consequently,  work  with  P/M  alloys  is  recom- 


mended. 


Interpretations  regarding  effects  of  insoluble  constituent 
and  dispersoid  particles  and  of  dislocation  density  are  considered 
to  be  based  on  sufficient  data,  so  no  additional  work  is  recom- 


mended. 


Conclusions  regarding  interpretation  of  effects  of  precipi- 
tate structure  and  composition,  and  interaction  with  environment, 
however,  are  more  tentative.  Better  understanding  and  added  veri- 
fication of  possible  effects  on  fatigue  crack  growth  resistance 
by  altering  Cu  content  in  2XXX  and  7XXX  alloys  is  needed. 

Because  composition  and  precipitate  had  the  largest  effects, 
the  additional  work  recommended  is  needed  to  provide  information 
for  alloy  development  of  ingot  metallurgy  aluminum  alloys  with 
improved  fatigue  resistance. 

Additional  work  including:  (1)  tests  in  other  controlled 

environments  (including  inert),  (2)  strain  controlled  fatigue 
tests,  (3)  tests  to  measure  ductility  of  cyclically  deformed 
material,  (4)  crack  closure  measurements,  (5)  additional  tests 
at  low  AK,  and  (6)  variable  amplitude  tests  are  needed.  Items 
(1)  through  (4)  would  better  define  response  of  material  proper- 
ties, including  interaction  with  environment,  to  cyclic  loading 
and  broaden  knowledge  of  operating  fatigue  mechanisms.  Addi- 
tional low  AK  tests  would  better  establish  the  role  of 
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microstructure  at  low  AK  where  the  greatest  portion  of  fatigue 
crack  propagation  life  is  spent  in  real  structures. 


e 

F. 


Variable  amplitude  (spectrum  loading)  fatigue  crack  propa- 
gation tests  are  need  to  better  simulate  in-service  conditions. 
Moreover,  these  spectriam  tests  incorporate  crack  tip  transient 
phenomena  (viz,  retardation)  and  offer  the  potential  advantage 
of  being  a more  sensitive  indicator  of  the  role  of  microstructure 
than  the  constant  amplitude  test[75]. 
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APPENDIX  A 


FATIGUE  CRACK  INITIATION  RESISTANCE* 

1.  Introduction 

The  microstructural  effects  on  fatigue  crack  propagation 
resistance,  previously  described,  give  no  indication  of  the 
effect  on  fatigue  crack  initiation  resistance.  Because  of  this, 
the  following  evaluation  was  performed  to  insure  that  any  of  the 
25  microstructural  variants  evaluated  would  not  seriously  detract 
from  crack  initiation  resistance. 

The  pursuit  of  any  program  on  fatigue  crack  initiation 
resistance  requires  several  criteria  to  be  specified: 

1.  Definition  of  fatigue  crack  initiation 

2.  Realistic  state  of  stress 

3.  Economical  method  of  crack  detection 

The  technology  in  the  area  of  nucleation  and  growth  of  small 
cracks  (crack  initiation)  has  not  developed  to  the  state  of 
linear  elastic  fracture  mechanics.  For  this  reason,  conducting 
a laboratory  test  that  will  result  in  data  usable  in  all  engineer- 
ing structural  configurations  is  not  possible  at  this  time.  Be- 
cause of  this,  the  crack  initiation  test  criteria  are  specified 
to  approximate  the  conditions  under  which  the  material  is 
expected  to  be  used. 

2.  Procedure 

Fatigue  crack  initiation  resistance  was  evaluated  by  using 
the  compact  tension  keyhole  specimen  shown  in  Figure  A-1.  This 

*This  portion  of  the  investigation  was  conducted  and  written  by 
D.  A.  Mauney,  Engineering  Properties  and  Design  Division,  Alcoa 
Laboratories . 
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specimen  is  loaded  cyclically  at  points  "P"  and  crack  initiation 
occurs  from  the  inside  hole  surface  near  point  "A."  The  crack 
opening  displacement  (COD)  gauge  allows  an  electronic  means  of 
crack  detection.  At  a constant  load  amplitude,  the  peak  COD 
will  increase  as  a crack  initiates  at  point  "A." 

The  advantage  of  using  the  compact  tension  keyhole  specimen 
in  this  evaluation  is  that  its  stress  state  is  representative  of 
many  aircraft  sheet  applications.  Examples  of  these  would  be 
mild  stress  concentrators  in  rivet  holes,  weight  reduction  holes, 
anc  sheet  metal  bends.  This  specimen  also  provides  an  economical 
method  of  crack  detection  through  increase  in  the  peak  electrical 
output  of  the  COD  gauge  with  crack  initiation. 

The  size  of  an  initiated  fatigue  crack  is  defined  according 
to  the  combined  sensitivity  of  three  things.  The  first  is  the 
change  in  compact  tension  keyhole  specimen  compliance  containing 
a crack.  The  second  is  the  sensitivity  of  the  electronic  system 
monitoring  the  COD  gauge.  Third  is  the  cyclic  stability  of  the 
flow  stress  of  the  material  in  the  notch  root,  if  the  cyclic 
stress  level  is  high  enough  to  cause  plastic  deformation. 

Duplicate  tests  were  conducted  on  each  of  the  25  micro- 
structures evaluated  in  fatigue  crack  growth.  Test  conditions 
were  selected  that  would  develop  stresses  near  the  yield 
strength  inside  the  hole,  at  point  "A."  This  stress  level  would 
result  in  a crack  initiation  life  of  between  lO"*  to  10^  cycles 
and  would  be  the  same  for  comparison  of  as  many  microstructures 
as  possible.  These  conditions  were  chosen  to  approximate  a 
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damaging  part  of  a fighter  spectrum,  as  well  as  permitting  com- 
pletion of  all  tests  within  the  time  allotted.  As  a result  of  the 
degree  of  plasticity  in  the  notch  root  at  the  selected  high  stress 
levels,  elastic-plastic  finite  element  methods  were  used  to 
accurately  select  specimen  cyclic  loads.  Specimens  were  cycled 
at  a stress  ratio  near  zero  (R  = 0.1,  ratio  of  minimum  stress  to 
maximum  stress)  with  a sine  v/ave  loading  function  at  25  Hz.  All 
testing  was  conducted  on  a CGS  closed  loop  electohydraul ic  testing 
machine  in  laboratory  air  at  50  +10  percent  relative  humidity. 

The  experimentally  determined  initiated  crack  depth  was  an 
average  of  0.060  inch  with  a maximum  crack  depth  of  0.150  inch. 

The  limit  switch  capability  on  the  CGS  machine  was  used  to  dis- 
continue the  test  when  crack  initiation  occurred.  This  long  and 
variable  detectable  crack  length  is  not  of  real  concern.  The 
primary  reason  is  because  of  the  high  stress  intensity  level  that 
occurs  on  a very  small  crack  when  nucleated  in  this  specimen  at 
the  stress  levels  being  used.  In  fact,  a crack  less  than  0.001 
inch  deep  would  propagate  to  the  average  or  maximum  detected  depth 
in  fewer  than  1%  of  the  total  cycles  of  the  test.  Part  of  the 
variability  in  crack  size  detection  is  thought  to  be  a result  of 
lack  of  consistent  compliance.  Factors  which  affect  compliance  are 
sheet  thickness,  degree  of  bow  in  the  specimens,  and  differences 
in  cyclic  strain  hardening  or  softening. 

3.  Results 

The  results  of  the  fatigue  tests  are  presented  in  Table  A-1. 
Significance  of  the  results  was  determined  assuming  log  normal 
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TABLE  A-1 

KATiaUE  CRACK  INITIATION  TEi^T  RE^sl/LTS 


Structure 

Number 

Alloy 

riax  Imum 
Stress,  ksi 

Cycles  to 
First  Test 

Initiation 
Second  Test 

:^ean  Cycles 
To  Initiation 

1 

7050-T76 

60 

34240 

36090 

35165 

2 

7050+rJ|n-T76 

60 

43610 

111110 

77360 

3 

X7080(H1Cu)-T76 

60 

27130 

25440 

26285 

k 

X7080-T76 

60 

57900 

14550 

36225 

5 

7050-TXl 

44 

74290 

48770 

6I530 

6 

7050-;'X2 

44 

79730 

45900 

62815 

7 

7050-TX3 

44 

16170 

22350 

33195 

8 

X7080(HlCu)-T76(Lg.g.s.  ) 

60 

32770 

33620 

33195 

9 

7075-T6I 

60 

27970 

38910 

33840 

10 

7075-T6 

60 

47050 

182640 

114845 

11 

7475-T6I 

60 

267200 

79220 

173210 

12 

7475-T6 

60 

42150 

43060 

42605 

13 

7075-T6l(Lg.g.s. / 

60 

74640 

104030 

89335 

14 

2024(Hi:in)-T31 

42 

81450 

149800 

115625 

15 

2124(HlMn)-T31 

42 

64000 

95750 

79875 

16 

2024(LoMn)-T31 

42 

97309 

110400 

103850 

17 

2124(LorJIn)-T31 

42 

76050 

80210 

78130 

18 

2024(HlMn)-T86 

60 

38520 

31410 

34965 

19 

2124  :.llMn)-T86 

60 

42590 

39340 

40965 

20 

202‘f(Lo:in)-T86 

60 

35030 

26780 

31905 

21 

2124{LoMn)-T86 

60 

34950 

37770 

36360 

22 

2024 (LoNr )-T36 

42 

463530 

5?.n60 

517845 

23 

2024(LoMn)-T8l 

60 

19730 

22600 

21165 

24 

2048-T31 

4 2 

67500 

77050 

72275 

25 

2048-T86 

60 

43010 

47350 

45180 

NOTE : ( Lg , 

g.s.)  - Indicates  large  grain 

size. 

distribution  in  life  and  using  Yates  algorithm  for  the  full 
factorial  modules  and  two  sample  "t"  tests  assuming  nonequality 
of  sample  variance  in  all  other  modules.  Comparisons  were  only 
made  for  structures  tested  at  the  same  stress  level.  At  a 95% 
confidence  level  there  were  no  significant  results  except  for  the 
difference  between  2024-T31  and  T36.  Mean  life  of  the  T36  temper 
structure  was  significantly  longer.  Results  that  were  statistically 
significant  at  the  75%  confidence  level  were  generally  either  not 
practically  significant,  were  in  conflict  with  published  results, 
or  had  such  high  scatter  that  validity  of  conclusions  drawn  from 
such  a small  amount  of  data  was  suspect. 

4.  Conclusions 

By  using  duplicate  specimens  designed  to  simulate  the  stress 
state  of  many  aircraft  sheet  applications,  effects  of  micro- 
structure on  resistance  to  fatigue  crack  initiation  were  generally 
not  significant  at  the  95%  confidence  level.  To  verify  the  sole 
exception,  additional  replicate  tests,  plus  replicate  tests  at 
other  stress  levels,  would  be  required  to  confirm  with  a high 
confidence  level  whether  microstructure  had  an  effect.  At  this 
time,  however,  microstructural  changes  which  improve  resistance 
to  fatigue  crack  propagation  do  not  generally  appear  to  strongly 
affect  resistance  to  fatigue  crack  initiation. 
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APPENDIX  B 

EFFECTS  OF  MICROSTRUCTURE  ON  TOUGHNESS 

1.  2XXX 

Aging  practice  and  percent  stretch  affected  strength  and  tough- 
ness of  the  2XXX  alloys  (Figures  38  and  39).  Alloy  2024  in  the 
T31,  T36,  T81,  and  T86  tempers  provided  a continuous  distribution 
with  strength  progressively  increasing  and  both  UPE  (unit  crack 
propagation  energy  in  the  tear  test)  and  NTS/YS  (ratio  of  notch 
tensile  strength  to  yield  strength)  progressively  decreasing. 
Toughness  of  2024  overaged  to  the  T36  temper  strength  level  (T8X) , 
however,  was  similar  to  that  of  the  higher  strength  2024-T86. 

In  contrast,  decreasing  Fe  and  Si  levels  to  eliminate  the 
insoluble  A1  j 2 (F’e,Mn)  381  and  to  reduce  the  amount  of  insoluble 
Al7CU2Fe  and  Mg2Si  (reduce  volume  percent  frcm  2.2  to  1.4)  in- 
creased toughness  (2024  versus  2124)  without  affecting  strength. 

By  reducing  the  Cu  level  from  4.25  to  3,25  percent  while 
maintaining  the  low  Fe  and  Si  contents  found  in  alloy  2124,  i.e., 
alloy  2048  (volume  percent  constituent  0.5),  toughness  increased 
greatly  while  yield  strength  decreased  only  slightly.  This  in- 
crease in  toughness  over  2124  is  attributed  to  a lower  volume 
fraction  of  the  Cu-containing  intermetallics , Al2CuMg  and  CUAI2. 

The  volume  fraction  of  dispersoid  had  little  effect.  Effects 
of  volume  percent  (2.6  vs  1.1)  of  Al2oCu2Mn3  dispersoid  on  tough- 
ness can  be  determined  in  2024  and  2124  in  the  T31  and  T86  tempers 
by  comparing  the  high  and  low  Mn  versions  of  those  alloy-temper 
t combinations  (Figures  38  and  39) . This  comparison  shows  that  an 
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increase  in  Mn  from  0.40  to  0.80  {calculated  increase  in  volume 
percent  of  1.1  to  2.6  Al2oCu2Mn3  dispersoid)  did  not  sicjni f icantly 
affect  the  combination  of  strength  and  toughness  in  these  alloys. 

2.  7XXX 

Significant  changes  in  UPE  and  NTS/YS  of  the  7XXX  alloys  were 
also  obtained  by  modifying  the  structure  (Figures  36  and  37).  For 
example,  UPE  and  NTS/YS  of  7075-type  alloys  were  increased  signi- 
ficantly by  controlling  certain  m.icrostructural  features.  By  de- 
creasing Fe  and  Si  content  to  reduce  the  volume  fraction  of  insoluble 
constituent  particles,  toughness  of  7075,  as  measured  by  UPE  and 
NTS/YS,  was  significantly  increased  (7475-T6  vs  7075-T6).  Still 
further  increases  in  toughness  were  obtained  by  coalescing  the 
Ali2Mg2Cr  dispersoid  to  increase  interparticle  spacing  (T6  vs  T61). 
This  combination  of  controlling  purity  and  dispersoid  morphology, 
i.e.,  patented  Alcoa  process,*  provided  the  highest  combination  of 
strength  and  toughness,  7475-T61  (Structure  11). 

In  addition  to  these  modifications  to  increase  toughness. 
Structure  13,  7075-T61,  provided  a surprisingly  higher  toughness 
structure  f.h^^  the  twelvefold  smaller  grain  size  7075-T61, 

Structure  9.  These  two  grain  structures  are  shown  in  Figures  14 
and  10.  In  fact,  this  combination  of  grain  size  and  dispersoid 
size  developed  a higher  toughness  than  the  7475-T6  material  con- 
taining small  Ali2My2Cr  dispersoids. 

The  structural  features  controlling  the  toughness  of  the  Cr- 
free  7XXX  alloys  are  difficult  to  evaluate  since  the  yield  strengths 
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are  quite  dissimilar  in  some  instances.  However,  it  is  interesting 
to  note  that  7050-T76  sheet  containing  both  Mn  and  Zr  dispersoids 
developed  a higher  toughness  than  7050  with  only  the  Zr3Al  dis- 
persoid.  Caution  should  be  exercised,  however,  in  concluding  that 
this  behavior  is  typical  because  the  Al2CuMg  particles  in  the  7050 
may  have  contributed  to  the  lower  toughness  in  the  Mn-free  material. 
3.  Comparison  with  Commercial  Material 

To  place  the  toughness  of  these  mater ials  in  perspective  with 
commercially  established  2XXX  and  7XXX  alloys,  UlE  and  NTS/YS 
values  of  these  particular  structures  were  compared  to  UPE  and 
NTS/YS  scatterbands  normally  found  for  commercially  established 
alloys  (Figures  B-1  and  B-2).  As  expected,  the  toughness  of 
alloys  7075-T6  and  2024-T3X,  T8X  fall  within  their  respective 
commercially  established  alloy  scatterbands.  The  toughness  of 
the  remaining  alloys  in  standard  tempers  are  above  these  scatter- 
bands in  accord  with  the  experimental  program  designed  to  produce 
alloys  providing  improved  combinations  of  strength  and  toughness. 

The  toughness,  measured  by  NTS/YS  ratio,  of  the  experimental 
temper  7050  alloy.  Structures  5,  6,  and  7,  was  considerably  higher 
than  that  of  conventionally  precipitation  heat  treated  7XXX  alloys; 
however,  when  compared  on  a yield  strength  basis,  these  structures 
fell  within  the  scatterband  shown  in  Figure  B-2.  Toughness  of 
these  structures  based  on  UPE  was  somewhat  lower  than  for  con- 
ventional 7XXX,  but  within  the  upper  part  of  the  band  of  the  2XXX 
alloys  (Figure  B-1). 
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Figure  B-1  Comparison  of  the  Toughness  of  the  25  2XXX  and  7XXX 
Alloys  with  Commercially  Established  Al  Alloys. 

Toughness  Measured  by  Unit  Crack  Propagation  Energy. 
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Figure  C-1  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  j^a/aN,  of  Structure  No  1 
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Mat'l:  X7080{hi  Cu)-T76  Structure  No.  3) 

Specimen  No.:  419592'Cl-2 
Rb1/3;  Freq.:  X-20  Hz«  0-2  Rx 
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Figure  C-5  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  3 
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Figure  C- 10  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  5 
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Mat'l:  7050-TX2 (Structure  No.  6) 

Speci-Tien  No.:  419590-C2-2 
''  rreq.  : X*20  Hz,  0-2  Hz 

CN  Srecimen:  W-3  in. (76.2  nm)  , 8=0.095  in. (2. 

Orientation:  T-L 
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Figure  C-11  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic 
Crack  Growth  Rate  Aa/AN,  of  Structure  No. 
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Figure  C-17  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  9 
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Mat*l:  7075-T61  (Structure  No.  9)  ——I 

Specimen  ?Io.:  *519583-32-1 

p-1/3;  Freq.:  X»20  Hr,  0»2  Hz  
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Orientation:  T-L  , 
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Figure  C-18  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  9 
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Figure  C-19  Cyclic  Stress  Intensity  Range,  AK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate  Aa/AN,  of  Structure  No.  9 
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Kat*l:  7475-T61(Structure  No.  11) 

Specimen  No,:  410589-D2-1 

R*l/3;  rreq.:  X*20  Hz,  0-2  Hz 

CM  Specimen:  in.('6*2  nun),  BbO.085  ln,(2.1S9  mm) 

Orientation:  T-L 

Environment:  High  Humidity 
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Figure  C-23  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate  Aa/AN,  of  Structure  No.  11 
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7475-'T6  (Structure  No.  12) 

Specimen  No.:  41958t‘-^2-l 

R-1/3;  Freq,:  X=20  Hz,  0=2  Hz 

CN  Specimen:  ■..*3  in.  (76.2  mm),  B=0.035  in.  (2.159  mm) 

Orientation:  T-L 

Environment:  High  Huir.idity 
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Figure  C-25  Cyclic  Stress  Intensity  Range,  AK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  12 
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707  5-T61  ( Ig  .g . s .)  (Structure  No.  13) 

Spcciir.er.  ?.*o. : 419588-D1-2 
?»l/3;  Freq.!  X=20  Hz,  0=2  Hz 

Cl  Specimen;  W=3  in. (76.2  mm),  B=0.C8S  in. (2. 159  mm) 
Orientation;  T-L 
environment:  Low  Humidity 
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Figure  C-28  Cyclic  Stress  Intensity  Range,  ^K,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate.  Aa/AN.  of  Structure  No.  13 
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Mat'l:  7075-T61  (Ig.g.s) (Structure  No.  13)  . 

Specimen  No.:  419588-Dl-l 

R*l/3;  Freq.;  X=20  Hz,  0»2  Hz  

Oi  Specimen:  in. (76. 2 mm),  B=0.0B5  ln«(2.1S9  nm) 

Orientation:  T”L 

Environment:  High  Humidity 


Ar,  KSi  vTn, 


LJ.lliJlJ 


C-29  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  13 
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Hat'l:  2024 (hiMn) -T31  (Structure  No.  14) 

Specimen  No.:  421738-1A-2 
R^l/3;  Freq.:  X=20  Hz,  0=2  Hz 

Qn  Specimen:  W=3  in.  (76.2  nm)  , 8=0.065  in.  (1.651  non) 

Orientation:  T-L 

Environment:  Low  Humiditj 
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Figure  C-30  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic 
Crack  Growth  Rate  Aa/AN,  of  Structure  No. 
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Figure  C-31  Cyclic  Stress  Intensity  Range,  AK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  14 
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Kat'l:  2124 {hiMn) -T31  (Structure  No.  15) 

Specimen  No.:  421789-1A-2 
R-1/3;  Freq.:  X=20  Hz,  0«2  Hz 

CK  Specimen:  W«3  in.  (76.2  nan)  , ‘B^O.065  in.  (1.651  nan) 

Orientation:  T-L 

Environment:  Low  Humidity 
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Figure  C-32  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  15 
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Figure  C-34  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  16 
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Kat’l:  2124 (loMn) -T31  (Structure  No.  17) 

Specimen  No.:  421787-lA-l 
R«l/3;  Freq.:  X-20  Hz,  0»2  Hz 
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Figure  C-36  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  17 
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Figure  C-37  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  17 
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Figure  C-38  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  18 
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lUt'li  2024  (hLMn)  >786  (Structure  No.  18) 

Specimen  No.:  421788-2B-2 

P-1/3;  Preq.:  X*20  Hr,  0-2  He 

Ql  Specimen:  W-J  in.  (76.2  nun),  b-0.065  in.  (1.651  m)  . 

Orientation:  T-L 

Environment:  High  Himidity 
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Figure  C*39  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  18. 
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Figure  C-40  Cyclic  Stress  Intensity  Range,  dK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  19 
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Mat’l:  2124 (hLMn) -T86  (Structure  No.  19) 

Specimen  No.:  421789-2B-3 

R-1/3;  Frcq.:  X»20  Hz,  0*2  Hz 

CN  Specimen:  W»3  in. {76. 2 mm},  8*^0.065  in. (1.651  mm) 

Orientation:  T-L 

Environment:  Hlqh  Humidity 
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Figure  C-41  Cyclic  Stress  Intensity  Range,  sK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  ot  Structure  No.  19 


Figure  C-42  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate  Aa/AN,  of  Structure  No.  20 
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2124(loMn)-T86  (Structure  No.  21) 

Sp^cinen  No.;  421787-2B-2 
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Figure  C-45  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  21 
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Mat'l;  2*2  4 (loV-.) -T36  (Structure  So.  22) 

Specimen  So,:  421786-2A-1 
R=l/3;  Freq. ; X=20  Hz,  0=2  Hz 

CN  Specicen:  K=3  in.  (76.2  mr)  , 8=0.065  in.  (1.651  rr.) 

Orientation:  T-L 

Environrant:  Low  Humidity 
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Figure  C-46  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate  Aa/AN,  of  Structure  No.  22 
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Figure  C-47  Cyclic  Stress  Intensity  Range,  AK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  22 
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Hat*l:  2024  UoMji) -T81  (Structure  No.  23) 
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Figure  C-48  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  23 
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Figure  C-49  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  23 
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Hat'l:  20-?8-Til  Struc-ure  Nc.  24) 
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Figure  C-52  Cyclic  Stress  Intensity  Range,  aK.  Vs  Cyclic 
Crack  Growth  Rate.  Aa/AN,  of  Structure  No 
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Figure  C-53  Cyclic  Stress  Intensity  Range,  .iK,  Vs.  Cyclic 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No. 
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Figure  C-54  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  25 
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Figure  C-55  Cyclic  Stress  Intensity  Range,  SK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  26 
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Figure  C-58  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  27 
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Figure  C-59  Cyclic  Stress  Intensity  Range,  AK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  ^a/AN,  of  Structure  No.  28 
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Figure  C-60  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  28 
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Fiaure  D-7  Cyclic  Stress  Intensity  Range,  AK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate.  Aa/AN,  of  Structure  No.  13 
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Figure  D-8  Cyclic  Stress  Intensity  Range,  aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  16 
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APPENDIX  E 


Aa/AN  vs  AK  PLOTS  FOR  COMBINED  INTERMEDIATE 
AND  LOW  AK  RESULTS 


Figure  E-1  Cyclic  Stress  Intensity  Range,  -iK,  Vs.  Cyclic  Fatigue 
Crack  Giowth  Rate,  Aa/AN,  of  Structure  No,  1 
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Figure  E-7  Cyclic  Stress  Intensity  Range,  ,aK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  ,^a/AN,  of  Structure  No,  13 
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Speciiren  Nos.:  4217  87- lA-2 , 3 

R-1/3;  rrf’q.;  X«20  Hz,  0*2  Hz.0“60  Hz 

CK  S|’<*ciron:  W^-3  ;n.(76.2  iwn)  , 6=0.065  in.  (1.651  sun) 

Orientation:  T-L 

Environr.'nt:  High  Hunudity 


L<> 


t'n: 


I0E. 


Figure  E-9  Cyclic  Stress  Intensity  Range.  sK,  Vs.  Cyclic  Fatigue 
Crack  Growth  Rate,  Aa/AN,  of  Structure  No.  17 
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